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PREFACE 
Sea s ta te  changes are caused by weather f a c t o r s  such as wind, 
turbulence,  f e t c h ,  l a p s e  rate of the  atmosphere and o thers .  The sea 
s t a t e  i t s e l f  involves  l a r g e  waves, s m a l l  c a p i l l a r y  waves, white caps 
and foam. No world wide system t o  monitor sea s t a t e  e x i s t s .  The NASA 
observat ions of c o r r e l a t i o n  of microwave emission wi th  sea s ta te  opens 
a promising f i e l d  of remotely 
t h e  t h e o r e t i c a l  aspec t  of the  
numerous a c t u a l  observa t iona l  
sens ing  sea state.  This t h e s i s  d e a l s  with 
problem and the  d e t a i l e d  eva lua t ion  of 
runs.  
Konrad J .  K. Buet tner  
Professor  of Atmospheric Sciences 
Univers i ty  of Washington 
University of Washington 
Abstract 
PASSIVE MICROWAVE OBSERVATIONS 
o m  THE OCEANS 
by Lee Umphress Martin 
Passive microwave observations offer a unique tool for obtaining in- 
formation about our environment, particularly the ocean surface and the 
atmosphere above it. With the eventual use of microwave radiometers on 
satellites and the several hundred hours of observations already taken, 
there is a need for an analysis of the currently available data to deter- 
mine the limits and capabilities of microwave observations under various 
oceanic and meteorological conditions. 
This thesis investigates the predicted brightness temperatures that 
would be observed using several theoretical models of the ocean surface 
and atmosphere. Using these models, the predicted brightness tempera- 
tures are used to provide information about the following parameters: 
height of sensor, atmospheric effects, angular dependence of signal, sur- 
face roughness, surface films or slicks, foam and whitecaps. 
Real atmospheric profiles of temperature and relative humidity are 
then used to calculate brightness temperatures for comparison to observed 
microwave observations over the oceans taken with a scanning radiometer 
at 19.35 GHz. 
the Pacific Ocean, the Gulf of Mexico and the Salton Sea, 
Actual data used are from NASA Gonvair 990 flights over 
As a result 
of th i s  investigation, conclusions are reached about the current theories 
of atmospheric and surface parameters and recommendations are made regard- 
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The growing i n t e r e s t  and need f o r  in format ion  about our environment 
has  l e d  t o  t h e  use  of pas s ive  microwave obse rva t ions  t o  provide  inforrna- 
t i o n  about  t h e  c h a r a c t e r  of t h e  e a r t h ' s  s u r f a c e  and t h e  atmosphere above 
it. F l i g h t  t e s t i n g  of t h e s e  radiometers  has  taken p l ace  s i n c e  t h e  mid- 
s i x t i e s  over  a v a r i e t y  of t e r r a i n  and under va r ious  atmospheric condi- 
t i o n s .  One of t h e  most ex tens ive  programs has  been t h a t  of NASA, us ing  
a s i n g l e  f requency radiometer  ope ra t ing  a t  19.35 GHz and empkoying an 
e l e c t r i c a l l y  scanning antenna w i t h  a 2.7' beamwidth. Over s e v e r a l  hun- 
dred  hours  of d a t a  have been taken s i n c e  May of 1967, wi th  a pre l iminary  
a n a l y s i s  by (Catoe e t  al.,  1967) and one on sea state measurements by 
(Nordberg et  a l . ,  1969).  However, t h e s e  ana lyses  were based on s c a t t e r e d  
obse rva t ions  of a few s p e c i f i c  cases. With mod i f i ca t ions  t o  t h e o r i e s  be- 
i n g  c a r r i e d  o u t  and new d a t a  a c q u i s i t i o n s  be ing  planned, t h e r e  is a need 
fo r  a more comprehensive a n a l y s i s  of t h e  c u r r e n t l y  a v a i l a b l e  d a t a  t o  de- 
termine how w e l l  t h e  d a t a  ag rees  w i t h  t h e  c u r r e n t  t h e o r i e s  of bo th  s u r f a c e  
and atmospheric  parameters.  From an a n a l y s i s  of t h e  d a t a ,  t h e o r e t i c i a n s  
can modify t h e i r  t h e o r i e s  t o  correspond - to  t h e  d a t a ,  o r  ins t ruments  can be  
modified t o  take advantage of t h e  informat ion  obta ined  by an a c t u a l  
- 0  
a n a l y s i s  of t h e  da t a .  
2 
This  t h e s i s  involves  t h e  a n a l y s i s  of NASA obse rva t ions  taken  du r ing  
1967 over  t h e  P a c i f i c  Ocean and t h e  Gulf of Mexico and du r ing  1968 over 
t h e  S a l t o n  Sea. These measurements were made from a v a r i e t y  of h e i g h t s  
and under v a r i o u s  s u r f a c e  and atmospheric cond i t ions .  Oceanic observa- 
t i o n s  were chosen f o r  s tudy  because they  can provide  informat ion  about 
t h e  e f f e c t  of roughness on t h e  e m i s s i v i t y  and r e f l e c t i v i t y  of a l o s s y  
medium and they allow in format ion  about t h e  atmosphere t o  be  determined, 
s i n c e  over  land measurements are swamped by t h e  h igh  e m i s s i v i t y  of t h e  
l and  i t s e l f .  Also,  very  few c a l c u l a t i o n s  have been made of t h e  e m i s s i v i t y  
of v a r i o u s  t y p e s  of land s u r f a c e s  compared t o  t h e  r e l a t i v e l y  easy  ca l cu la -  
t i o n s  which can b e  made f o r  a smooth water s u r f a c e .  
Previous  s t u d i e s  by Kreiss (1968) and P a r i s  (1969) have considered 
va r ious  f a c e t s  o f  t h e  problem of remote sens ing  us ing  pass ive  microwave 
techniques .  Based on t h e i r  recommendations as t o  f u r t h e r  s tudy ,  t h i s  
thesis w a s  undertaken t o  inc lude :  
1. Numerous measurements under a v a r i e t y  of s u r f a c e  and atmospheric 
cond i t ions .  
2. Computations us ing  real  atmospheric p r o f i l e s ,  i f  p o s s i b l e .  
3. Angular dependence i n  t h e  equat ions  of r a d i a t i v e  t r a n s f e r .  
4. 
Thus, t h i s  t h e s i s  cons ide r s  a tmospheric  emission and a t t e n u a t i o n  us- 
S u i t a b l e  emis s iv i ty  laws a t  t h e  air-sea boundary. 
i n g  a 14-layer model developed by Kreiss (1968), as p a r t  of h is  t h e s i s .  
Modi f ica t ions  were made s o  t h a t  he igh t  v a r i a t i o n s  of t h e  senso r  and view- 
i n g  ang le s  changes were incorpora ted .  
f i l e s  are considered t o  s tudy  t h e  gene ra l  e f f e c t s ,  bu t  a c t u a l  radiosonde 
A t  f i r s t ,  model atmospheric pro- 
3 
data is used for comparison to actual observations. Basic models of the 
sea surface are then considered, including specular, diffuse and large 
scale roughness models. Using these surface models and various atmos- 
pheric profiles, the angular distribution of brightness temperatures are 
determined to see what results would be expected under various atmospheric 
and surface conditions. Then, using actual sea surface temperatures and 
radiosonde data, a comparison is made between actual observed measure- 
ments and those which would be expected. From these analyses, conclu- 
* 
sions and recommendations are made regarding the measurement of atmos- 
pheric parameters and the modifications that: are required in the current 





This chapter provides an introduction into some of the factors in- 
volved in passive microwave observations of the ocean surface. Included 
are antenna parameters, atmospheric emission and attenuation and surface 
boundary conditions. 
in order to provide a sufficient background for the discussion of 
theoretical brightness temperatures in Chapter 4 and the comparison be- 
tween theoretical and observed data in Chapter 5. 
Each of these factors will be considered in turn 
2.1 Antenna Theory 
A microwave radiometer is basically an ultrasensitive receiver which 
measures the total power received by an antenna. Measurements are usually 
made over a small frequency bandwidth, centered about a specific frequency 
and are of a specific polarization. 
power received, the output is usually given as antenna temperature, from 
which the "brightness temperature" can be recovered. 
Although the radiometer measures the 
The power received by an antenna is given by Rraus (1966) as 
UtAV 




w = rece ived  s p e c t r a l  power (watts/Hz) 
Ae = e f f e c t i v e  area of t h e  antenna (m ) 2 
2 B(0,$)  = i n t e n s i t y  of d i s t r i b u t e d  source  ( w a t t s / m  Hzs ter )  
P,(6,@) = normalized power p a t t e r n  of antenna 
dS1 = element of s o l i d  angle  (sineded@) 
v = f requency 
The f a c t o r  is in t roduced  because t h e  antenna receives only  one 
p o l a r i z a t i o n .  
The d i r e c t i v e  g a i n  of t h e  antenna i s  expressed as, 
and upon s u b s t i t u t i n g  2.2 i n t o  2.1, one o b t a i n s  t h a t  
2.2 
2.3 
I f  t h e  sou rce  of r a d i a t i o n  and t h e  antenna p a t t e r n  are u n i f o r m w i t h  res- 
p e c t  t o  frequency over  t h e  bandwidth Av, t h e  t o t a l  power becomes 
2.4 
The source  of n a t u r a l  microwave r a d i a t i o n  is t h e  Planck black-body 
r ad iance  g iven  by 
6 
2 w a t t s / m  Hzster  1 
3 2hv Bv = - 
-13 
C 2 [,hv/kT 2.5 
where 
h = Planck ' s  cons t an t  
V = f requency 
c = v e l o c i t y  of l i g h t  i n  vacuum 
k = Boltzman's cons t an t  
1" = k i n e t i c  temperature  
A t  microwave f r equenc ie s ,  hv/kT<<l, and one can s impl i fy  t h e  sou rce  func- 
t i o n  by expanding t h e  above term i n  b r a c k e t s ,  y i e l d i n g  t h e  Rayleigh-Jeans 
approximation, o r  
2.6 2kT 
2 2kv T B =- 2 $ o r -  
C A2 
A l l  n a t u r a l  r a d i a t i o n  can be considered t o  b e  t h e  combination of ho r i -  
z o n t a l  and ver t ical  p o l a r i z a t i o n s ,  where v e r t i c a l  p o l a r i z a t i o n  means t h a t  
t h e  electric v e c t o r  l i e s  i n  a p lane  con ta in ing  both t h e  d i r e c t i o n  of 
propagat ion  and t h e  v e r t i c a l  unit vec to r ;  h o r i z o n t a l  p o l a r i z a t i o n  i s  i n  a 
p l a n e  pe rpend icu la r  t o  t h a t  of v e r t i c a l  p o l a r i z a t i o n .  Thus, one can 
write, 
B = Bh 3. Bv 2.7 
S ince  t h e  i n t e n s i t y  and k i n e t i c  temperature  are l i n e a r l y  r e l a t e d  by 
equat ion  2.6, i t  is common t o  speak of "b r igh tness  temperature" i n s t e a d  
of i n t e n s i t y .  So by convention 
7 
2.8 
where t h e  s u b s c r i p t  p w i l l  mean e i t h e r  h o r i z o n t a l  o r  v e r t i c a l  po la r i za -  
t i o n .  Upon s u b s t i t u t i o n  of 2.8 into 2.4,  w e  have 
For an impedance matched load a t  t h e  r e c e i v e r  (no r e c e i v e r  n o i s e  power), 
t h e  power absorbed by t h e  antenna i s  
w = kTaAV 2.10 
where 
k = Boltzman's cons t an t  
T = antenna temperature  
AV = frequency bandwidth 
a 
Upon s u b s t i t u t i o n  of 2.9 i n t o  2.10, one can write t h a t  
where 
Tbp(O,c$) = t h e  t o t a l  b r i g h t n e s s  temperature  seen  by t h e  antenna 




~ , ( 6 , 4 )  = the polarized emissivity of the source 
Ts(6,$) = the kinetic temperature of the source 
For black bodies, E = 1.0. However, for most natural surfaces, E < 1.0 
and may be different for each polarization. In general, the emissivity 
of the surface will be a function of the frequency of observation, tem- 
P P 
perature, dielectric constant, roughness of the surface and the angle 
that the surface is viewed from. 
For downward viewing observations from an aircraft or satellite, the 
total brightness temperature is the sum of three terms, as illustrated in 
Figure 2.1. They are 
1. the emission from the earth's surface attenuated by the atmos- 
phere 
emission from the atmosphere between the earth's surface and 2. 
the receiver, and 
3. emission from the atmosphere reflected by the earth and attenu- 
ated by the atmosphere. 
Thus, T,(e,@) can be written as 
where 
E , ( ~ , $ ) T ~  = emission from t h e  earth's surface 
r,(6,$)Tsky($,rj) = sky contribution reflected by the earth 
= atmospheric contribution EaTatms 














2.2 Radiative Equations 
For radiation incident on a material, the conservation of energy re- 
quires that what is absorbed, reflected and transmitted must equal the 
total incident, or 




a = the absorptivity of the material 
= the reflectivity of the material 
= the transmissivity of the material 
V 
-5 
Now Kirchhoff's law states that for bodies in local thermodynamic 
equilibrium, the absorptivity equals the emissivity, or 
V 
cy = a 2.15 
where 
E = the emissivity of a material. 
V 
Using equations 2.15 and 2.16, we can consider several special cases 
which will be useful. 
(rv = 0), which is a good assumption except in rain clouds, we have that 
For the atmosphere, if we neglect scattering 
Ev = 1 - Tv 2.16 
And for the earth itself, where the transmissivity will equal zero, we 
find that 
E v = l - r  V 2.17 
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These last  two equat ions  provide us  w i t h  methods of de te rmining  t h e  
e m i s s i v i t y  of t h e  atmosphere and t h e  e a r t h ' s  su r f ace .  Knowing t h e  t em-  
p e r a t u r e s  of t h e s e  bodies  and us ing  t h e  above equa t ions ,  one can calcu-  
late t h e  emission from t h e s e  bodies  and o b t a i n  t h e  t o t a l  b r i g h t n e s s  
temperature,  I n  t h e  next  s e c t i o n  t h e  e f f e c t  of the atmosphere w i l l  b e  
considered and fol lowing that ,  t h e  e a r t h ' s  s u r f a c e .  
I n  t h e  most gene ra l  case, obse rva t ions  taken  w i t h  a microwave 
radiometer  i nvo lve  both  viewing ang le  and h e i g h t  v a r i a t i o n s  of t h e  
sensor .  This  p rov ides  a much g r e a t e r  amount of u s e f u l  in format ion  about  
bo th  t h e  s u r f a c e  c h a r a c t e r i s t i c s  and t h e  atmosphere than  those  taken  a t  a 
s i n g l e  h e i g h t  and viewing angle.  Thus, t h e  development which follows 
cons ide r s  t h e  s o l u t i o n  t o  t h e  two-dimensional equat ion  of r a d i a t i v e  
t r a n s f e r .  Both oxygen and water vapor are considered as absorbing and 
e m i t t i n g  c o n s t i t u e n t s  i n  local  thermodynamic equi l ibr ium.  A plane- 
p a r a l l e l  atmosphere i s  assumed and a l l  s c a t t e r i n g  e f f e c t s  are neglec ted .  
The s o l u t i o n  t o  t h e  equat ions  is  due t o  Kreiss (1968) and allows f o r  bo th  
easy understanding and numerical  c a l c u l a t i o n .  
2.3 Equation of Rad ia t ive  Trans fe r  
The equat ion  of  r a d i a t i v e  t r a n s f e r  is  a g e n e r a l i z a t i o n  of Schwarz- 
c h i l d ' s  equa t ion  f o r  two-dimensions and f o r  two c o n s t i t u e n t s .  It. can b e  
w r i t t e n  as 
v dIv  - dz = - Yv(Ivp - svp) 2 a18 
12 
where 
U = cose(zeni th  angle  of observa t ion)  
I = monochromatic r a d i a t i o n  i n t e n s i t y  a t  he ight  z 
S = monochromatic source func t ion  a t  frequency v and 
w 
VP 
h e i g h t  z 
yv = absorp t ion  c o e f f i c i e n t  due t o  both  oxygen and water 
vapor 
30th  oxygen and water vapor e m i t  as b lack  bodies  and thus t h e  source  func- 
t i o n  is  j u s t  equat ion  2.6, o r  
2 
s 5 -  2kv 
pv c 2 P  2.19 
By applying t h e  Rayleigh-Jeans approximation t o  t h e  i n t e n s i t y ,  one can a l s o  
w r i t e  that 
2.20 
And upon s u b s t i t u t i n g  equat ions 2.19 and 2.20 i n t o  equat ion 2.18, one 
o b t a i n s  
2.21 
This states t h a t  t h e  incremental  change i n  b r igh tness  temperature over  
t h e  pa th  length  pdz is  equal  t o  the  d i f f e r e n c e  between t h e  emission yvT 
and t h e  abso rp t ion  yvTb along t h e  path.  From now on, the frequency de- 
pendence i n  t h e  equat ions  w i l l  be dropped f o r  convenience. 
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2.4 Conversion t o  P res su re  Coordinates  
It is u s e f u l  t o  convert  t h e  a l t i t u d e  increment to pres su re  u n i t s  s i n c e  
t h e  abso rp t ion  c o e f f i c i e n t s  of bo th  oxygen and water vapor are p r e s s u r e  de- 
pendent.  We can combine t h e  equat ion  of state 
P = pdRT 
and t h e  h y d r o s t a t i c  equat ion  
where 
P = atmospheric p re s su re  (mi l l i ba r s )  
pd = d e n s i t y  of dry  a i r  
R = atmospheric  gas cons tan t  (see below) 
g = mid- la t i tude  a c c e l e r a t i o n  of g r a v i t y  
to form 
Because of  the v a r i a b i l i t y  of  water vapor i n  t h e  atmosphere, R is 
def ined  as 
I f W o  
E l  = Rd[l  -t- w(p) 
where 
Rd = gas cons tan t  f o r  dry a i r  
w(p) = mixing r a t i o  





Upon s u b s t i t u t i o n  of equat ion  2.24 i n t o  2.21, one ob ta ins  
14 
2.26 
2.5 S o l u t i o n  t o  t h e  Equation of Rad ia t ive  T r a n s f e r  
Kreiss assumed t h a t  t h e r e  exists an average temperature  T f o r  each i 
atmospheric  l a y e r  which r e p r e s e n t s  the mean r a d i a t i n g  temperature  of t h a t  
layer. Tnus, equa t ion  2.26 can b e  w r i t t e n  as 
RT, dP -- - - -  YJP,Ti) p 
Ti-Tb Pg 
dTb 2.27 
This  equa t ion  can  b e  i n t e g r a t e d  over  a l a y e r  of f i n i t e  t h i ckness  t o  y i e l d  
P,l dTb Pi+l RTi - dP 
T 1 
- = -1 - y @,Ti) p 
T. -Tb F-tg v 
’i b i  
The l e f t  s i d e  becomes 
- 
I n  Ti’Tbi+l 
Ti-Tbi 
and upon r a i s i n g  bo th  s i d e s  t o  t h e  base  of t h e  n a t u r a l  logar i thm,  t h e  
equat ion  can be  w r i t t e n  as 
- 
T -T 
Ti-Tbi = exp[ 




The r i g h t  s i d e  of equa t ion  2.30 is  j u s t  t h e  form of a t r a n s m i s s i v i t y  T, 
where 
15 
Thus, f o r  each atmospheric  l a y e r ,  one can write t h a t  
==(l-t)? + T  t Tbi+l  i i b i i  
2.31 
2.32 
Equation 2.16 s t a t e d  t h a t  f o r  t h e  atmosphere, E = 1 - T. 
says  t h a t  t h e  temperature  a t  t h e  top of t h e  l a y e r  is t h e  sum of t h e  
e m i s s i v i t y  of t h e  l a y e r  times i t s  temperature ,  p l u s  t h e  f l u x  i n c i d e n t  on 
t h e  bottom of t h e  l a y e r  t i m e s  t h e  t r a n s m i s s i v i t y  of t h e  l a y e r .  
t h e  c o n t r i b u t i o n  from each l a y e r ,  t h e  t o t a l  e f f e c t  o f  t h e  atmosphere can 
b e  ob ta ined  by us ing  equat ion  2.32 and having t h e  f l u x  emerging from one 
l a y e r  becoming t h e  f l u x  i n c i d e n t  on t h e  above l a y e r .  
p h e r i c  c o n t r i b u t i o n  looking upwards can be w r i t t e n  as 
Equation 2.32 
Knowing 
Thus, t h e  atmos- 
and t h a t  looking  downward as 
2.33 
2.34 
2 . 6  Absorpt ion C o e f f i c i e n t s  
For ease i n  numerical  c a l c u l a t i o n ,  t h e  r igh thand s i d e  of equat ion  





=5 abso rp t ion  c o e f f i c i e n t  f o r  oxygen 
= absorp t ion  c o e f f i c i e n t  f o r  water vapor 
OG 
OCV 
These i n t e g r a l s  are given below and t h e i r  f u n c t i o n a l  form w i l l  be found i n  
Chapter 3 i n  t h e  computer program. 
2.36 
2.37 
2.7 Surface  Boundary Cclnditions 
The development t o  fo l low is  based on t h e  work of Peake (1969), s i n c e  
h i s  a n a l y s i s  cons ide r s  a l l  types  of s u r f a c e s ,  w i th  specu la r  and Larnbertian 
( d i f f u s e )  being s p e c i a l  cases .  Ul t imate ly ,  t h e  b r igh tness  temperature  ob- 
se rved  by a radiometer  i s  determined by t h e  d i e l e c t r i c  cons t an t ,  t h e  t e m -  
p e r a t u r e  and t h e  roughness of the su r face .  
previous development, t h e s e  c h a r a c t e r i s t i c s  of the s u r f a c e  are usua l ly  
g iven  i n  terms of der ived  parameters,  e i t h e r  t h e  emis s iv i ty  o r  t h e  r e f l ec -  
t i v i t y .  
s c a t t e r i n g  c ross -sec t ion .  
However, as seen i n  t h e  
These i n  t u r n  can be  descr ibed  i n  terms of t h e  d i f f e r e n t i a l  
17 
Consider F igure  2.2, which shows the  s c a t t e r i n g  geometry, and con- 
2 s i d e r  a p l a n e  wave of i n t e n s i t y  I o ( w a t t s / m  ) and p o l a r i z a t i o n  s ta te  
i n c i d e n t  on a small s e c t i o n  of t e r r a i n  A. 
by t h e  s u r f a c e  i n  t h e  d i r e c t i o n  (es,$,) wi th  p o l a r i z a t i o n  state 
d i s t a n c e  R is given by 
j 
The i n t e n s i t y  Is s c a t t e r e d  
k at  a 
2.38 
where 
O j k ( O , s )  = d i f f e r e n t i a l  s c a t t e r i n g  c ross -sec t ion  p e r  u n i t  
area of t e r r a i n  
j = state  of i n c i d e n t  p o l a r i z a t i o n  
k = state  of s c a t t e r e d  p o l a r i z a t i o n  
= d i r e c t i o n  of i n c i d e n t  wave 
Os$s = d i r e c t i o n  of s c a t t e r e d  wave 
By t h e  Lorentz  r e c i p r o c i t y  cond i t ion  
The albedo is def ined  as t h e  r a t i o  of t h e  power i n c i d e n t  on t h e  s u r f a c e  
from t h e  d i r e c t i o n  (eo,$ ), a t  a s p e c i f i c  p o l a r i z a t i o n  and frequency, t o  
t h a t  which i s  s c a t t e r e d .  With t h i s  d e f i n i t i o n ,  t h e  albedo becomes 
0 
2.40 
where t h e  i n t e g r a t i o n  i s  taken over  by t h e  upper hemisphere and t h e  t o t a l  
s c a t t e r e d  power inc ludes  both p o l a r i z a t i o n s .  
18 
Fig. 2.2 Scattering geometry(after Peake, 1969). 
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Since  what is  not  s c a t t e r e d  is absorbed, t h e  abso rp t ion  c o e f f i c i e n t  
becomes 
and by the p r i n c i p l e  of d e t a i l e d  ba lance ,  t h e  emis s iv i ty  equa l s  t h e  ab- 
s o r p t i o n ,  o r  
Ej @o,Qo) = a. COO,Q0) 2.42 
J 
These equat ions  are t h e  most gene ra l  form of Kirchhoff ’s  l a w ,  t a k i n g  
account of bo th  t h e  p o l a r i z a t i o n  and t h e  angular  dependence of t h e  c o e f f i -  
c i e n t s .  From them, t h e  e m i s s i v i t y  of a material can be  determined from 
t h e  d i f f e r e n t i a l  s c a t t e r i n g  cross-section. 
From t h e  d e r i v a t i o n s  above, t h e  emission from t h e  s u r f a c e  can b e  
w r i t t e n  as 
sece 
and t h e  r e f l e c t e d  sky  term is w r i t t e n  as 
2.43 
2.44 
To e v a l u a t e  t h e s e  terms, t h e  form of t h e  d i f f e r e n t i a l  s c a t t e r i n g  co- 
e f f i c i e n t s  must be  determined. For r e l a t i v e l y  s imple s u r f a c e s ,  t h e i r  
form is w e l l  known and t h e  i n t e g r a l s  can be  eva lua ted  e a s i l y .  
n a t u r a l  s u r f a c e s ,  however, empi r i ca l  l a w s  are assumed and t h e  c o e f f i c i e n t s  
For most 
20 
are determined from experiment. 
in turn which can represent the scattering from the sea surface under 
I will consider several surface models 
various conditions. 
2 . 8  Specular Surfaces 
For a perfectly smooth urf a e, the differenti 1 scatteri 
section has the form of a delta function, and is given by 
g cross- 
2 . 4 5  
where 
8 and 6, represent the specular direction and IR l 2  is the 
SP SP P 
reflection coefficient for either horizontal or vertical polarization. 
Upon substitution into equation 2.43, the surface emission becomes 
which reduces to 
2 
Es(O,$)Ts = 17. - lRpl ITs 
The reflected sky contribution becomes (equation 2.44) 
2 .46  
' 2.47 
2 .48  
2 .49  
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The r e f l e c t i o n  C o e f f i c i e n t s  are j u s t  t h e  F resne l  c o e f f i c i e n t s  f o r  hor i -  
zonta l  and ver t ical  p o l a r i z a t i o n  and can be  put  i n t o  t h e  fo l lowing  form 




e' = t h e  real p a r t  of t h e  complex d i e l e c t r i c  cons t an t  of water 
e'' = the imaginary p a r t  of t h e  d i e l e c t r i c  cons t an t  of water 
1.1 = cos6, where 0 is t h e  angle  of i nc idence  of observa t ion  
p and q are given  as fo l lows  
2.52 
2.53 
Various au tho r s  (Sirounian, Stogryn, Kreiss and P a r i s )  have used 
s l i g h t l y  d i f f e r e n t  va lues  f o r  e' and e", based upon t h e  work of Lane and 
Saxton (1952). The primary d i f f e r e n c e  between t h e  au tho r s  is t h e  relaxa- 
t i o n  t i m e  of t h e  water molecule, which w i l l  vary  w i t h  t h e  s a l i n i t y  of t h e  
water. S ince  t h e r e  w a s  t h i s  d i f f e r e n c e ,  a comparison w a s  made between 
t h e i r  r e s u l t s  t o  determine what t h e  actual d i f f e r e n c e s  would be. This 
22 
is e s s e n t i a l  s i n c e  t h e  emission from t h e  ocean a t  19.35 GHz amounts t o  
85 t o  90 p e r c e n t  of t h e  t o t a l  b r i g h t n e s s  temperature  rece ived  a t  n a d i r  
viewing ang le s  and d i f f e r e n c e s  i n  e m i s s i v i t y  of 0 . 0 1 w i l l  c o n t r i b u t e  
d i f f e r e n c e s  of about  3'K, depending on t h e  water temperature. 
Values of e' and e", as a func t ion  of t h e  water temperature ,  cal- 
c u l a t e d  from d a t a  used by each of t h e  a u t h o r s ,  are shown i n  F igures  2.3 
and 2.4. It can b e  seen  t h a t  t h e  d i f f e r e n c e s  between au tho r s  are s i g n i f i -  
can t .  I n  my c a l c u l a t i o n s  shown below, t h e  va lues  obta ined  by P a r i s  (1969) 
have been used, and t h e  s a l i n i t y  w a s  assumed t o  equal  35"/0,. F igure  2 . 5  
shows t h e  angu la r  v a r i a t i o n  of r e f l e c t i v i t y  f o r  bo th  h o r i z o n t a l  and 
vertical p o l a r i z a t i o n s  f o r  two extremes of temperature.  F igu re  2.6 g i v e s  
t h e  corresponding e m i s s i v i t y  va lues .  Values f o r  o t h e r  temperatures  w i l l  
l i e  between t h e s e  extremes and are given i n  Table  2.1. Table  2.2 shows 
t h e  s u r f a c e  c o n t r i b u t i o n  t o  t h e  t o t a l  b r i g h t n e s s  temperature  f o r  n a d i r  
viewing as a f u n c t i o n  of t h e  s u r f a c e  temperature  and n e g l e c t i n g  atmos- 
p h e r i c  e f f e c t s .  
ments made a t  19.35 GHz without  knowing something beforehand about t h e  
s u r f a c e  temperature. However, t h e  maximum d i f f e r e n c e  would only  amount 
t o  Z0K f o r  a range of s u r f a c e  temperatures  of 30°K. 
It can b e  s e e n  t h a t  t h e r e  would b e  ambiguity i n  measure- 
2.9 D i f f u s e  Sur face  
Although t h e r e  are va r ious  models of d i f f u s e  s u r f a c e s  which are be- 
i n g  used t o  e x p l a i n  s c a t t e r i n g  measurements, I w i l l  use  a Lambertian sur -  
face.  
s u r f a c e  and should  provide t h e  upper l i m i t  t o  s c a t t e r i n g  from t h e  sea 










(1) Sirounian(l968)  
(2) Stogryn(l967)  
(3) Kreiss (1968) 
( 4 )  P a r i s  (1969) 
Temp era t u r  e ( OK) 
Fig.  2.3 V a r i a t i o n  of real  p a r t  of d i e l e c t r i c  cons t an t  of 
water wi th  temp e r a t u r  e. 
* (1) Sirounian(l968)  
a (2) Stogryn(l967)  
b 
* (3) Kreiss (1968) 
( 4 )  P a r i s  (1969) 
273 283 293 303 
Temperature (OK) 
F ig .  2.4 Var ia t ion  of imaginary p a r t  of d i e l e c t r i c  cons t an t  
of water with temperature.  
24 
- T = 273. OK 
- - -  T = 303. OK 
10 30 50 70 
A’adir Angle ( d e g )  
Fig.  2 .5  Angular v a r i a t i o n  of r e f l e c t i v i t y  f o r  smooth water sur -  
f a c e  and both p o l a r i z a t i o n s .  
Fig. 2.6 Angular v a r i a t i o n  of emis s iv i ty  f o r  smooth water  s u r f a c e  
and both p o l a r i z a t i o n s .  
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Table 2.1 Reflectivity for smooth water surface (horizontal 
polarization) 
Angle (deg) 
Surface temperature (K) 






























































Table 2.2 Surface contribution at Nadir 

















s u r f a c e  ( in  t h e  absence of foam, m u l t i p l e  r e f l e c t i o n s  and shadowing e f -  
f e c t s ) .  The d i f f e r e n t i a l  s c a t t e r i n g  c ros s - sec t ion  f o r  t h i s  s u r f a c e  is  
given as, 'Peake (1969) 
where l7 is  only a f u n c t i o n  of t h e  frequency of observa t ion .  
f e c t l y  d i f f u s e  s u r f a c e ,  w e  have no informat ion  about  p o l a r i z a t i o n ,  s o  
t h a t  
For a per- 
oC0,s) = CI (0,s) + cf. . C O , S )  
jk JJ 
Upon s u b s t i t u t i o n  i n t o  equat ion  2.43, t h e  s u r f a c e  emission becomes 
Es(e,o)TS = 11 - - II cosesdf2]Ts 
4Tr n 
which reduces t o  





Now, t h e  problem arises as t o  how t o  e v a l u a t e  I?. The u s u a l  method 
i s  to  e v a l u a t e  r from b a c k s c a t t e r i n g  measurements. 
r e l y  on exper imenta l  r e s u l t s  i s  t o  assume t h a t  t h e  hemispherical  a lbedo 
A method t h a t  doesn ' t  
27 
should b e  t h e  same f o r  a l l  types  of s u r f a c e s ,  i f  one n e g l e c t s  shadowing 
and m u l t i p l e  r e f l e c t i o n s .  Thus, t h e  t o t a l  amount of r e f l e c t e d  energy 
should be  t h e  same, only t h e  angular  d i s t r i b u t i o n  of t h i s  energy w i l l  b e  
d i f f e r e n t .  
equa te  the r e f l e c t i o n  from t h e  d i f f u s e  s u r f a c e  t o  t h a t  of a s p e c u l a r  su r -  
f a c e  and write 
S ince  t h e  albedo f o r  a d i f f u s e  s u r f a c e  equa l s  r/4, w e  can 
ff  -4 r cosBdQs = I/ ]%)'cos8dQs + 4 $1 f R  I2cosBdQs 
V R R R 
2.59 
where t h e  r e f l e c t e d  energy from a d i f f u s e  s u r f a c e  i s  one-half t h e  sum of 
the v e r t i c a l  and h o r i z o n t a l  p o l a r i z a t i o n s  because i t  con ta ins  both  compon- 
e n t s ,  
s e c t i o n  f o r  t h e  va lues  of [%I 
Table 2.3 f o r  v a r i o u s  temperatures  of t h e  water su r face .  
This  c a l c u l a t i o n  has  been done us ing  t h e  equat ions  i n  t h e  prev ious  
2 2 and IRvI . These va lues  are g iven  i n  
Table  2.3 Values of r/4 ver sus  temperature  















Since  w e  w i l l  assume azimuthal  symmetry f o r  a l l  our c a l c u l a t i o n s ,  
equat ion  2.58 reduces t o  t h e  fo l lowing  
28 
2.60 
2.10 Stogryn ' s  Roughness Model 
Stogryn (19671, us ing  Peake's d e f i n i t i o n s  of t h e  s c a t t e r i n g  c o e f f i -  
c i e n t s ,  der ived  express ions  f o r  t h e  s c a t t e r i n g  from rough, f i n i t e l y  con- 
duc t ing  s u r f a c e s  based on t h e  Kirchhoff approximation; t h a t  i s ,  t h e  
f i e l d s  on t h e  s u r f a c e  are c a l c u l a t e d  l o c a l l y  as i f  t h e  s u r f a c e  were p lane .  
The roughness of t h e  s u r f a c e  was normally d i s t r i b u t e d  and i s  given i n  
terms of t h e  root mean square  s l o p e s  of t h e  s u r f a c e ,  gx and g . Slope 
measurements fo r  t h e  oceans were based on measurements made by Cox and 
Munk (1954a and l954b),  and are given by t h e  fo l lowing  express ions  
Y 
= 0.003 + 1.92 x lom3 w 2.61 gx 
2.62 -3 g2 = 3.16 x 10 
Y 
where w i s  t h e  wind speed a t  a h e i g h t  of 41  f e e t  i n  m / s e c .  Stogryn 's  




fab = a func t ion  of t h e  ang le s  of inc idence  and r e f l e c t i o n  
and t h e  r e f l e c t i o n  c o e f f i c i e n t s  
a,P,B = f u n c t i o n s  of t h e  s c a t t e r i n g  geometry 
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Stogryn d i d  no t  provide curves f o r  t h e  emis s iv i ty  of t h e  s u r f a c e  
based on t h e  above c o e f f i c i e n t s ,  s o  one cannot compare how they  vary w i t h  
ang le  as compared t o  t h e  e m i s s i v i t y  of a specu la r  o r  d i f f u s e  su r face .  
However, F igure  2.7  shows t h e  t o t a l  b r i g h t n e s s  temperature  rece ived  us ing  
t h i s  model f o r  t h e  f o l l o i ~ i n g  condi t ions :  1) a s u r f a c e  temperature  of 
290.OK; 2)  a s t anda rd  atmosphere; 3) observer  he igh t  of 1 km; 4 )  a 
frequency of 19 .4  GHz; 5) h o r i z o n t a l  p o l a r i z a t i o n ,  and 6) wind speeds 
from 4 t o  14  rn/sec. There i s  l i t t l e  d i f f e r e n c e  between t h e  curves of 
va r ious  s u r f a c e  roughness a t  c l o s e  t o  n a d i r  viewing ang le s ,  b u t  increas-  
i n g  temperature  d i f f e r e n c e s  a t  l a r g e  v iev ing  angles .  
case considered,  the curve approaches almost uniform b r igh tness  tempera- 
t u r e  w i t h  angle .  This  i s  similar i n  angular  dependence t o  t h a t  expected 
from a d i f f u s e  s u r f a c e ,  as w i l l  be  seen i n  Chapter 4 .  
For t h e  roughest  
2.11 Foam and Whitecaps 
Recent measurements of domiward viewing rad iometr ic  observa t ions  
from a i r c r a f t  (Nordberg e t  al.,  1969) l e d  t o  t h e  specu la t ion  t h a t  t h e  un- 
u s u a l l y  h igh  b r i g h t n e s s  temperatures observed were due t o  the presence 
of foam and whitecaps on t h e  ocean su r face .  
cause l a r g e  temperature  i n c r e a s e s  was confirmed by W i l l i a m s  (1969), us ing  
land-based measurements of soap bubbles.  
ments confirmed t h e  
t a i n e d  because h i s  observa t ions  were made i n  the nea r  f i e l d  of t h e  
radiometers .  More r ecen t  measurements by Nordberg e t  al. during 1969 
over  t h e  I r i sh  Sea have provided a d d i t i o n a l  evidence t h a t  foam can have 
The f a c t  t h a t  foam could 
Although Williams' measure- 
h igh  emiss iv i ty  of foam, no abso lu te  d a t a  were ob- 
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Ht. = 1 Km 
(specular) 
10 30 50 70 
Nadir Angle(deg) 
Fig. 2.7 Angular variation of brightoess temperature 
for rough surface model(after Stogryn,l967). 
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h igh  e m i s s i v i t y  va lues .  Measurements were made a t  low a l t i t u d e s  (500 
feet), so t h a t  t h e  antenna beam was completely f i l l e d  by a foam patch .  
The r e s u l t i n g  b r i g h t n e s s  temperatures  observed were c l o s e  t o  t h e  thermo- 
dynamic temperature  of t h e  water, i n d i c a t i n g  t h a t  t h e  e m i s s i v i t y  of t h e  
foam was c l o s e  t o  1.0. 
much h i g h e r  v a l u e  of e m i s s i v i t y  than  a p lane  water s u r f a c e .  This  sec- 
t i o n  w i l l  p rovide  an i n t r o d u c t i o n  i n t o  some of t h e  p r o p e r t i e s  of foam, 
i n c l u d i n g  some of t h e  f a c t o r s  involved i n  its formation, s t a b i l i t y ,  
d i e l e c t r i c  cons t an t  and amount formed. 
Thus, t h e r e  i s  l i t t l e  doubt t h a t  foam may have a 
The primary cause of foam format ion  i s  t h e  breaking  of waves on t h e  
water s u r f a c e ,  a l though t h e  decomposition of o rgan ic  matter and t h e  im-  
p a c t  of r a ind rops  can b e  important.  I n  g e n e r a l ,  t h e  amount of foam 
a c t u a l l y  produced w i l l  depend on t h e  c h a r a c t e r  of t h e  water s u r f a c e ,  t h e  
s a l i n i t y  of the water and t h e  atmospheric  s t a b i l i t y .  Each of t h e s e  fae- 
t o r s  w i l l  b e  considered i n  tu rn .  
The c h a r a c t e r  of t h e  ocean s u r f a c e  p l ays  a n  important  r o l e  i n  t h a t  
t h e  number of breaking  waves w i l l ,  i n  gene ra l ,  be  d i f f e r e n t  f o r  t h e  same 
s u r f a c e  wind speed. This d i f f e r e n c e  can be  caused by proximity t o  l and ,  
t h e  h e i g h t  and d i r e c t i o n  of s w e l l ,  t h e  d u r a t i o n  of t h e  wind and t h e  f e t c h  
over which t h e  wind has been blowing. Rarely w i l l  t he se  cond i t ions  b e  
similar enough t o  say  t h a t  t h e  number of breaking  waves w i l l  be  t h e  same. 
The e f f e c t  of s a l i n i t y  on t h e  foaming a b i l i t y  of sea water w a s  
, s t u d i e d  by Miyake and Abe (1948), and t h e i r  r e s u l t s  are shown i n  F igure  
2.8. I n c r e a s i n g  s a l i n i t y  i n c r e a s e s  t h e  amount of foaming a b i l i t y ,  reach- 
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S a l i n i t y  ( X O )  
Fig. 2.8 E f f e c t  of s a l i n i t y  on the foaming a b i l i t y  of sea 
water (af ter Miyake ti Abe, 1948). 
Surf ace  Wind Speed (m/sec) 
Fig.  2.9 Amount of foam and whitecap coverage as a func t ion  of 
s u r f a c e  wind speed. 
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Abe conclude t h a t  t h e  foaming a b i l i t y  of sea water i s  t h e  same everywhere 
o f f shore .  However, t h i s  e f f e c t  of s a l i n i t y  could exp la in  t h e  lower white- 
cap coverage f o r  f r e s h  water found by Monahan (1969), t han  was found by 
Blanchard (1963) f o r  t h e  ocean su r face .  
Monahan (1969) a l s o  determined t h e  i n f l u e n c e  of a tmospheric  s t a b i i -  
i t y  on t h e  formation of whitecaps i n  h i s  s tudy .  He found t h a t  whitecap 
coverage was g r e a t e r  when t h e  atmosphere vas uns t ab le  than  when i t  was 
s t a b l e .  Thus, even i f  i t  were p o s s i b l e  t o  o b t a i n  i d e n t i c a l  oceanographic 
cond i t ions ,  t h e  amount of foam produced would be  d i f f e r e n t  i f  t h e  thermal 
s t a b i l i t y  of t h e  atmosphere w a s  d i f f e r e n t  between t h e  cases .  
The a c t u a l  coverage of bo th  whitecaps and foam have been determined 
by Blanchard (1963) and Hunk (1947) as a f u n c t i o n  of t h e  s u r f a c e  wind 
speed. The va lues  obta ined  by Blanchard were given i n  terms of t h e  per- 
c e n t  coverage of t h e  ocean s u r f a c e  by whitecaps;  whi le  t hose  of Munk were 
i n  terms of t h e  number of foam pa tches ,  and t h e  area of t h e  pa tches  va r i ed  
w i t h  t h e  wind speed. 
age and t h e  r e s u l t s  of bo th  au tho r s  are shown i n  Figure 2.9. 
ous t h a t  bo th  au tho r s  were not  measuring t h e  same thing. 
noted t h a t  t h e  va lues  obtained by Munk f o r  t h e  f i r s t  appearance of foam 
pa tches  does agree  c l o s e l y  w i t h  those  va lues  obtained by Monahan (1969) 
€or f r e s h  water whitecaps. 
Munk's v a l u e s  have been converted t o  percent  cover- 
It is  obvi- 
It should be  
The s t a b i l i t y  of foam w i l l  b e  a f u n c t i o n  of t h e  temperature  of t h e  
water, the amount o f  o rgan ic  matter p re sen t  i n  t h e  water and any f i l m s  on 
t h e  water s u r f a c e .  The r e s u l t s  of Miyake and Abe (1948), shown i n  Fig- 















10 20 30 40 50 
Temperature(0C) 
Fig.  2.10 Stability of sea foam w i t h  temperature(after Miyake 













Mixture Ratio R 
Fig. 2.11 Variation of emissivity of foam w i t h  mixture ratio 
R for a depth of one wavelength(after Droppleman,l970). 
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l i fe t ime of a foamy l a y e r  a t  a temperature  of 0°C was about 70 seconds and 
t h i s  t i m e  was reduced i n  h a l f  by a temperature  i n c r e a s e  t o  Z O O C .  
t h e  l i f e t i m e  of foam w i l l  range from about 10  t o  30 seconds, un le s s  t h e r e  
Thus, 
is  some means t o  s t a b i l i z e  t h e  bubbles.  
The e f f e c t  of s u r f a c e  f i lms  and o rgan ic  matter i n  t h e  water on t h e  
s t a b i l i t y  of bubbles  have been s t u d i e d  by Garrett (1967). 
bubble  s t a b i l i t y  can b e  inc reased  by e i t h e r  t h e  presence of s u r f a c e  f i lms  
o r  by t h e  adso rp t ion  of su r face -ac t ive  material on the bubbles as they 
pass  through t h e  bu lk  water. However, t h e  second method i s  much more 
e f f e c t i v e .  Garrett a l s o  found t h a t  t h e  presence  of a monomolecular f i l m  
w i l l  have t h e  oppos i t e  e f f e c t ,  decreas ing  t h e  bubble s t a b i l i t y .  This i s  
due t o  t h e  imbalance between t h e  cohesive f o r c e s  i n  t h e  s u r f a c e  f i l m  and 
t h e  changes i n  t h e  s u r f a c e  t ens ion ,  a l lowing  p o t e n t i a l  r u p t u r e  p o i n t s  t o  
develop. 
H e  found t h a t  
Of primary importance f o r  r ad iomet r i c  observa t ions  i s  t h e  d i e l e c t r i c  
c o n s t a n t  of foam. Droppleman (1970) has  made a t h e o r e t i c a l  c a l c u l a t i o n  
of the e m i s s i v i t y  of foam us ing  a s imple model for t h e  geometr ic  and e lec-  
trical. p r o p e r t i e s .  T rea t ing  foam as a porous material, t h e  d i e l e c t r i c  
cons t an t  can be  w r i t t e n  as, (Odelevskii ,  1962) 
= - 3Kw+1 3R 1 
+ R  Kw-1 
2.64 
where Kw is t h e  d i e l e c t r i c  cons t an t  of water, t h e  d i e l e c t r i c  cons tan t  of 
air is assumed t o  equal  1.0,  and R is t h e  r a t i o  of t h e  volume of a i r  t o  
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t h e  t o t a l  volume of foam. F igure  2.11 shows t h e  r e s u l t s  ob ta ined  by 
Droppleman f o r  t h e  v a r i a t i o n  i n  e m i s s i v i t y  a t  19  GHz as a f u n c t i o n  of t h e  
mixture  r a t i o  R and f o r  a depth  of foam of one wavelength. The curve  
reaches a maximum va lue  a t  about  R = .98 and then  drops r a p i d l y  t o  t h a t  
of a p l ane  water s u r f a c e  a t  R = 1.0 Kxeiss (personal communication), has  
extended t h e  work of Droppleman t o  o t h e r  depths  f o r  a wavelength of 1.55 
cm. 
t h a t  f o r  t h i n  l a y e r s  of foam t h e  maximum va lue  of t h e  e m i s s i v i t y  i s  
s h i f t e d  toward lower R va lues  and is  lower i n  magnitude. There is  a l s o  
no smooth t r a n s i t i o n  from one depth  t o  ano the r  as f a r  as t h e  p o s i t i o n  of 
t h e  maximum is  concerned, a l though most maximum appears  a t  R va lues  
from .95 t o  .98. 
H i s  r e s u l t s  f o r  va r ious  depths  are shown i n  F igure  2.12 and i n d i c a t e  
From t h e  b r i e f  i n t r o d u c t i o n  above, i t  i s  ev iden t  t h a t  few gene ra l i za -  
t i o n s  can b e  made about  t h e  i n f l u e n c e  of foam on r ad iomet r i c  measurements. 
It i s  obvious t h a t  t h e r e  t i i l l  be l i t t l e  d i r e c t  c o r r e l a t i o n  between the su r -  
f a c e  wind speed and foam coverage, as too many o t h e r  f a c t o r s  are involved. 
It i s  l i k e l y  t h a t  foam depth w i l l  vary over  the ocean s u r f a c e .  
b reaking  waves t h e  depth.wi.11 probably b e  s u f f i c i e n t  t o  provide  h igh  emis- 
s i v i t y  v a l u e s ,  a l though s h o r t l i v e d .  On t h e  o t h e r  hand, t h e  p e r s i s t e n t  foam 
pa tches  seen  on t h e  ocean s u r f a c e  w i l l  l i k e l y  b e  smaller i n  depth and g i v e  
e m i s s i v i t y  va lues  anywhere between that; of a smooth water s u r f a c e  and a 
t h i c k  foam l a y e r .  Thus, t h e  a c t u a l  cond i t ions  w i l l  be  a combination of 
the above, g iv ing  a wide range of e m i s s i v i t y  va lues  and, hence, b r i g h t n e s s  
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Fig.  2.12 Var i a t ion  of emis s iv i ty  of foam wi th  mixture  r a t i o  
R and depth of foam(af te r  Kreiss, unpublished).  
Percent  Beam Coverage (%) 
Fig. 2.13 Inc rease  i n  b r igh tness  temperature  due t o  foam on a 
smooth water surface. 
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To determine what b r igh tness  temperature  inc reases  might be expected 
with va r ious  foam coverages,  c a l c u l a t i o n s  were made €or  t h e  fol lowing con- 
d i t i o n s :  
2) va r ious  e m i s s i v i t i e s  of foam, al though cons t an t  wi th  angle ;  
dard atmosphere, and 4 )  an observer  he igh t  of 35 km. One can then w r i t e  
t h a t  t h e  emis s iv i ty  of a specu la r  s u r f a c e  covered wi th  a c e r t a i n  percentage  
(A) of foam is 
1 )  a specu la r  s u r f a c e  covered w i t h  va r ious  percentages of  foam; 
3) a s t an -  
and t h e  r e f l e c t i v i t y  becomes 
2.65 
2.66 
where Ef i s  t h e  emis s iv i ty  of foam. 
e red  and t h e  specu la r  s u r f a c e  can then be  wr i t ten  as 
The d i f f e r e n c e  between t h e  foam cov- 
2.67 
The r e s u l t s  ob ta ined  using equat ion  2.67 are shown i n  F igure  2.13. Using 
$funk's values i n  Figure 2.9 f o r  t he  amount of  coverage versus  wind speed,  
t h e  i n c r e a s e  due t o  foam w i l l  only be  about 3 ° K  f o r  wind speeds of 10 
m/sec and assuming an emis s iv i ty  of 1 .0 .  
countered over  t h e  oceans,  t h e  i n c r e a s e  due  t o  foam w i l l  b e  small and w i l l  
be  b a r e l y  d e t e c t a b l e  over  t h e  normal v a r i a b i l i t y  of t h e  s i g n a l .  
Thus, f o r  most wind speeds en- 
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2.12 Surface  Films 
Surface  f i l m s  have long been known t o  calm rough waters, their  p r i -  
mary e f f e c t  being t o  damp out t h e  s m a l l  s c a l e  c a p i l l a r y  waves normally 
found on t h e  sea su r face .  Cox and Munk (1954) determined t h e  e f f e c t  of 
o i l  s l i c k s  on t h e  mean square s l o p e s  of t h e  sea s u r f a c e ,  For a c l ean  sur -  
face their  r e s u l t s  were 
= 0.003 + 1.92 x W gx 
= 3.16 w 
gY 
and f o r  a s l i c k  s u r f a c e  
= 0.003 + 0.84 x W gx 






where W is  t h e  wind speed a t  4 1  f e e t  above t h e  water s u r f a c e  i n  m/sec. 
Thus, the mean square  s lopes  are reduced by one-half t o  one-fourth by a 
s l ick  covered s u r f a c e  and should prove t o  have a no t i ceab le  e f f e c t  on 
b r i g h t n e s s  temperature  measurements. 
Auckland et  al. (1970) made some measurements f o r  s l i c k  covered sur -  
f a c e s  a t  low wind speeds ( 5 1 2  k t s )  and found decreases  i n  b r igh tness  t e m -  
p e r a t u r e  of  about  4'K. 
w i l l  g i v e  decreases  of  up t o  10'K. 
They estimate the  e f f e c t  f o r  h ighe r  wind speeds 
One method of checking t h e  expected decreases  from theory i s  t o  use  
Stogryn 's  c a l c u l a t i o n s  f o r  h i s  rough s u r f a c e  model. 
wind speeds of 4 ,  8, and 12 m/sec are equiva len t  t o  wind speeds of 9.8, 
His c a l c u l a t i o n s  f o r  
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24. and 34.6 m/sec f o r  a s l i c k  covered su r face .  Thus, t h e  r e t u r n  from a 
s l i c k  covered s u r f a c e  and a wind speed of 9.8 m/sec i s  equiva len t  t o  t h a t  
p l o t t e d  f o r  4 m/sec. I n t e r p o l a t i n g  between curves f o r  what a c lean  su r -  
f a c e  at 10 m/sec would g ive ,  one can estimate that: t h e r e  w i l l  b e  an 8'K 
decrease  at 50 degrees  between the s l i c k  and c l ean  su r faces .  
ence w i l l  become smaller f o r  viewing ang le s  nea r  n a d i r ,  b u t  should in- 
crease f o r  h ighe r  wind speeds.  However, a t  h igh  wind speeds t h e  curves 
l o s e  t h e i r  angular  dependence and t h e  d i f f e r e n c e  w i l l  b e  undetec tab le .  
This d i f f e r -  
For t h i c k  f i l m s ,  t h e  b r igh tness  temperatures w i l l  i n c r e a s e  because 
the f i l m  is t h i c k  enough f o r  i t s  own d i e l e c t r i c  cons tan t  t o  b e  important .  
Auckland e t  a l .  (1970) have found inc reases  up t o  100°K f o r  a frequency 
of 35 GHz and f o r  f i l m  th icknesses  of 1.0 mm. 
That t hese  f i l m s  are q u i t e  preva len t  can be seen  i n  both manned 
satel l i te  and aerial photographs,  e s p e c i a l l y  a long sh ipping  lanes and 
around p o r t s .  
a low wind speed phenomena, as winds g r e a t e r  than  20 mph w i l l  cause them 
According t o  Cox and Ihnk  (1954), they are predominantly 
t o  break up. 
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C W T E X  3 
COMPUTATIONAL METHODS AND MODEL ATMOSPHERES 
The preceding chap te r  has  considered the t h e o r i e s  f o r  va r ious  f a c t o r s  
involved i n  downward viewing observa t ions  of t h e  ocean su r face .  
chapter ,  some of t h e  computational methods used i n  t h e  c a l c u l a t i o n s  are 
descr ibed  and f o u r  model atmospheres are introduced.  
pheres  are used t o  provide  informat ion  about  t h e  absorp t ion  due t o  oxygen 
and water vapor and are used t o  g i v e  an i n d i c a t i o n  of t h e  range  of b r i g h t -  
ness temperature  v a r i a t i o n s  t o  b e  expected b e f o r e  a c t u a l  obse rva t ions  are 
analyzed. 
I n  t h i s  
These model atmos- 
3.1 The I n t e g r a t e d  Sky Temperature 
The i n t e g r a t e d  sky temperature ,  which is  needed f o r  t h e  r e f l e c t e d  
r e t u r n  from a d i f f u s e  s u r f a c e ,  has  been c a l c u l a t e d  i n  t h e  fo l lowing  
manner. 
accuracy. The r e f l e c t e d  component was (equat ion 2.65) 
This method saves  computational t i m e  and y e t  provides  s u f f i c i e n t  





Tm = mean temperature of the atmosphere 
a. = zenith absorption 
This equation states that the sky temperature is just the emissivity of 
the atmosphere times the mean temperature of the atmosphere. Values of 
a. and Tm were determined from the 14-layer atmospheric program to be des- 
cribed below. 
differs by less than one degree than those obtained using the entire 14- 
layer model and will be sufficient for our purposes. 
The values of sky temperature obtained using this method 
3.2 Atmospheric Absorption and Emission 
Atmospheric absorption and emission is determined by using the 14- 
layer model developed by Kreiss (19681, for his thesis. Two modifications 
have been made in his program, and the output has been changed to provide 
f o r  a-lditional information. The first modification involves the calcula- 
tion of the average layer temperatures. 
Kreiss calculated average layer temperatures using the hypsometric 
equation, which yields a pressure weighted average temperature. This 
equation is derived by combining the equation of state (eq. 2.22) and the 
hydrostatic equation (eq. 2.23) and writing 
T (P) - = _ R d z  dP 
P Rd 
Upon integration over a finite layer, one obtains that 
i+l r 
4 3  
where €1 and € I .  are t h e  geopo ten t i a l  he igh t  boundaries.  To a l low f o r  
t h e  i n p u t  of  a c t u a l  radiosonde d a t a ,  which w i l l  b e  used i n  Chapter 5, aver- 
age  l a y e r  temperatures  are c a l c u l a t e d  us ing  t h e  boundary temperatures  f o r  
each l a y e r  and determining t h e i r  average va lue .  The e f f e c t  of c a l c u l a t i n g  
t h e  mean l a y e r  temperatures  i n  t h i s  manner has  been compared t o  those  t c m -  
p e r a t u r e s  c a l c u l a t e d  us ing  t h e  hypsometric equat ion  and ag ree  t o  w i t h i n  
0.01 K. 
i+l 1 
The second modi f ica t ion  vas t o  u s e  t h e  most r e c e n t  va lues  f o r  the 
cons t an t s  i n  t h e  water vapor abso rp t ion  a s  determined by Gaut 
MIT. 
c reased  t h e  sky temperatures  by approximately LOK. 
(1968) a t  
These changes increased  t h e  abso rp t ion  due t o  water vapor and in-  
The ou tpu t  of t h e  program provides  the fol lowing information:  
1. 
2. 
3 .  
4 .  
5. 
The t r a n s m i s s i v i t y  of each of t h e  1 4  l a y e r s ,  and hence, t h e  
t o t a l  abso rp t ion  of  each l a y e r  f o r  angles  between 0 and 60 de- 
g rees  i n  10 degree increments .  
The atmospheric  c o n t r i b u t i o n  looking downward from t h e  top  of 
each l a y e r  and f o r  t h e  above angles .  
The t o t a l  sky temperature  f o r  each of t h e  above angles .  
The t o t a l  t r a n s m i s s i v i t y  of t h e  atmosphere f o r  each of the above 
angles .  
The t o t a l  b r igh tness  temperature  looking downward f o r :  
a. observer  h e i g h t s  of 1, 3 and 35 km. 
b, 
c .  both  specu la r  and d i f f u s e  s u r f a c e s  
ang le s  from 0 t o  60 degrees  i n  10 degree i n t e r v a l s  
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A copy of t h e  program, a l i s t  of t h e  output  symbols, and a sample output  i s  
inc luded  a t  the end of  t h i s  chap te r .  
3.3 Model Atmospheres 
To check o u t  the program and provide  an  i n d i c a t i o n  of t h e  range of 
b r i g h t n e s s  temperatures  t o  b e  expected,  f o u r  model atmospheres were used 
w i t h  t h e  program b e f o r e  a c t u a l  d a t a  a n a l y s i s  was s t a r t e d .  
i nvo lve  combinations of two temperature  and two relative humidity p r o f i l e s .  
These models are t h o s e  used by Kreiss i n  h i s  thesis and have been chosen 
t o  r e p r e s e n t  cond i t ions  which might b e  found over  t h e  oceans,  
The f o u r  models 
The f i r s t  temperature  p r o f i l e  is  the U. S.  Standard Atmosphere (1962) 
and t h e  second i s  one t h a t  i s  l abe led  h o t  and d i f f e r s  from t h e  s tandard  
atmosphere by having warmer t roposphe r i c  temperatures .  
t h e  p r e s s u r e  ve r sus  geopo ten t i a l  he igh t  and p r e s s u r e  versus  k i n e t i c  t e m -  
p e r a t u r e  f o r  the s t anda rd  atmospheric  model, a long  wi th  the mean l a y e r  
temperatures .  
model. 
Table  3.1 g ives  
Table  3 . 2  provides  t h e  same d a t a  f o r  t h e  h o t  a tmospheric  
Water vapor i s  in t roduced  i n t o  t h e  models by spec i fy ing  t h e  mean rela- 
t ive humidity f o r  each l a y e r .  
f o r  each model, b u t  because of t h e  temperature  d i f f e r e n c e s  between models, 
t h e  abso lu te  humidity va lues  are d i f f e r e n t .  
used, t h e  f i r s t  l abe led  s t anda rd  and t h e  second c a l l e d  w e t ,  which is  1.25 
t i m e s  t h e  s t anda rd  p r o f i l e .  
f o r  each model are given i n  Table  3 .3 .  
The same relative humidity p r o f i l e  is  used 
Two humidity p r o f i l e s  are 
The r e l a t i v e  and abso lu te  humidity va lues  
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Table 3.1 Standard model atmosphere 
Press (mb) Geopotential IIt (km) Kinetic Temp (K) Mean Temp (K) 
1013.25 0.00000 











































Table 3.2 Hot  model atmosphere 
Press (mb) Geopotential Ht (km) Kinetic Temp (R) Mean Temp@) 
1013.25 0.00000 304.25 
980.00 0.29570 301.29 
950.00 0.66099 297.64 
850 00 1.52504 289.00 




































Table 3.3 Water vapor p ro f i l e s  
STANDARD ATMOSPHERE 
.. Stnd P r o f i l e  































Stnd P r o f i l e  
3 Re1 Hum(%) Abs Hum(g/m 
58 17.27 
60 14.89 












































Wet P r o f i l e  

























3.4 Computational Cases 
Computations have been made us ing  combinations of t h e  two temperature  
and relative humidity p r o f i l e s  t o  provide informat ion  about  t h e  fol lowing:  
l 
1. A l t i t u d e  dependence and angular  v a r i a t i o n  of b r i g h t n e s s  tempera- 
t u r e .  
The e f f e c t  of s u r f a c e  roughness.  2. 
3. The e f f e c t  of temperature  and water vapor  p r o f i l e s ,  i nc lud ing  
the temperature  dependence of t h e  abso rp t ion  due t o  oxygen and 
water vapor.  
The s p e c i f i c  cases f o r  which computations have been made are l i s t e d  below: 
1. Standard temperature  and s tandard  RH p r o v i l e .  
2. Standard temperature  and wet RH p r o f i l e .  
3. Hot temperature  and s tandard  HI p r o f i l e .  
4 .  Hot temperature  and w e t  RH p r o f i l e .  
5 .  Standard and h o t  temperature p r o f i l e s  and zero RH. 
6. Hot temperature  and s tandard  a b s o l u t e  RH va lues .  
Computations have been made of t h e s e  cases, and t h e  r e s u l t s ,  a long 
wi th  a d i scuss ion  and an a n a l y s i s ,  are presented  i n  t h e  fo l lowing  chap te r .  
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LIST OF OUTPUT SYNEOLS 
The following is a list of the output symbols used in the calculation 
of the theoretical brightness temperatures. 
A(1,J) 
TA(1,J) = brightness temperature contribution of each atmospheric 
= transmissivity of each atmospheric layer 
layer 
TS(.I) = total sky temperature 
TTCL) = total atmospheric transmissivity 
TBCI,l) = total brightness temperature for specular surface and 
height of 1 kilometer 
TBDC1,l) = total brightness temperature for diffuse surface and 
height of 1 kilometer 
TB(I,2) = total brightness temperature for specular surface and 
height of 3 kilometers 
TBD (I, 2) = total brightness temperature for diffuse surface and 
height of 3 kilometers 
TB(1,3) = total brightness temperature for specular surface and 
height of 35 kilometers 
TBD(I,3) = total brightness temperature for diffuse surface and 
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T h i s  chap te r  g ives  t h e  r e s u l t s  f o r  t h e  computational cases l i s t e d  
i n  t h e  prev ious  chapter .  
f i rs t ,  and then  the t o t a l  b r i g h t n e s s  temperatures observed f o r  va r ious  
s u r f a c e  f e a t u r e s  and a tnosphe r i c  p r o f i l e s  t r i l l  be  d iscussed .  
The e f f e c t  of t h e  atmosphere w i l l  be considered 
4.1 The Atmosphere 
F igures  4 . 1  and 4.2 shot7 t h e  abso rp t ion  w i t h  he igh t  f o r  each of t h e  
model atmospheres,  i . e . ,  bo th  t h e  s tandard  and h o t  temperature  p r o f i l e s  
w i t h  t h e  s t anda rd  and w e t  RJ3 p r o f i l e s .  For comparison, t h e  abso rp t ion  as 
a func t ion  of h e i g h t  used by Stogryn (1967) has  been p l o t t e d  i n  F igu re  4.1.  
H i s  curve d i f f e r s  from t h e  models used i n  t h i s  s tudy  by t h e  amount of water 
vapor p r e s e n t ,  s i n c e  t h e  temperature  p r o f i l e s  used were a l n o s t  i d e n t i c a l .  
The above f i g u r e s  show t h e  e f f e c t  of water vapor ,  w i th  i n c r e a s i n g  
water vapor g i v i n g  h ighe r  absorp t ion .  
absorp t ion  due t o  water vapor was determined by c a l c u l a t i n g  the meari abso- 
l u t e  humidity va lues  f o r  t h e  s t anda rd  relative humidity p r o f i l e  and then  
using t h e s e  va lues  w i t h  t h e  ho t  temperature  p r o f i l e .  This  meant t h a t  t h e  
t o t a l  amount of w a t e r  vapor w a s  t h e  same i n  each case and only t h e  tempera- 
t u r e  p r o f i l e  d i f f e r e d .  
f e r e n c e  between t h e  cases was n e g l i g i b l e ,  amounting t o  less than  0.3'K i n  
The e f f e c t  of temperature  on the 






Zenith Absorp t ion(db)  
F ig .  4 . 1  Absorption ve r sus  he igh t  f o r  s tandard  temperature  pro- 
f i l e  and s tandard  and wet r e l a t i v e  humidity p r o f i l e s .  
.06 .09 * 1 2  .15 
Zeni th  Absorption(db) 
Fig. 4.2 Absorption ve r sus  he igh t  f o r  ho t  temperature  p r o f i l e  
and s t anda rd  arid wet re la t ive  humidity prof  i lcs .  
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t o t a l  observed sky temperature.  Thus, one can conclude that ,  f o r  tempera- 
t u r e s  normally encountered i n  t h e  atmosphere, and a t  a frequency of 19.35 
GHz, t h e  abso rp t ion  due t o  water vapor is  dependent only on t h e  amount of 
water vapor p re sen t ,  and no t  on the temperature  p r o f i l e ,  
The e f f e c t  of temperature  on t h e  absorp t ion  due t o  oxygen was a l s o  
inves t iga t ed .  
all f o r  the two temperature  p r o f i l e s .  The d i f f e r e n c e  between t h e s e  two 
cases amounted t o  0.03'K i n  sky temperature.  
temperature  on t h e  absorp t ion  due t o  oxygen i s  also n e g l i g i b l e  f o r  normal 
atmospheric temperatures  and a t  a frequency of 19.35 GHz. 
This  w a s  done by running t h e  program w i t h  no water vapor a t  
Thus, t h e  in f luence  of 
4.2 3r igh tness  Temperature Var i a t ions  
The t o t a l  downward viewing b r igh tness  temperature f o r  a11 four  model 
atmospheres is  shown i n  Figures  4.3-4.C. Values are shown f o r  two ob- 
server h e i g h t s  (1 and 35 km) and f o r  bo th  specu la r  and d i f f u s e  s u r f a c e  
roughness. For a l l  cases  the  s u r f a c e  temperature  has been assumed t o  be  
288'K. The fo l lowing  can be no t i ced  from t h e  curves:  
1. For a s p e c i f i c  s u r f a c e ,  high a l t i t u d e  observa t ions  g ive  tempera- 
t u r e  i n c r e a s e s  of 6 t o  8°K over observa t ions  made a t  lower 
a l t i t u d e s ,  wi th  h igher  va lues  being obtained wi th  inc reas ing  
water vapor conten t  of t h e  atmosphere. 
Sur face  roughness i s  an important f a c t o r  i n  both  t h e  expected 
magnitude and angular  v a r i a t i o n  of t h e  b r igh tness  temperature.  
D i f fuse  s u r f a c e s  g i v e  i n c r e a s e s  of 1 4  t o  16'K over those  from a 
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Fig .  4 . 3  Angular v a r i a t i o n  of b r i g h t n e s s  temperature  f o r  s tan-  
da rd  temperature  and re la t ive humidity p r o f i l e s .  




. N a d i r  Angle(deg) 
Fig.  4 . 4  Angular v a r i a t i o n  of b r i g h t n e s s  temperature  f o r  s t an -  
da rd  temperature  and w e t  r e l a t i v e  humidity p r o f i l e s .  
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F ig .  4.5 Angular v a r i a t i o n  of b r i g h t n e s s  temperature f o r  h o t  
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Fig. 4 . 6  Angular v a r i a t i o n  of b r i g h t n e s s  temperature f o r  hot  
temperature  and w e t  r e l a t i v e  humidity p r o f i l e s .  
3. 
4. 
5 .  
For h igh  t r a n s m i s s i v i t i e s ,  t h e  specu la r  s u r f a c e  decreases  wi th  
ang le ,  reaching  a minimum va lue  beyond 60 degrees ,  whereas t h e  
d i f f u s e  s u r f a c e  curves are gene ra l ly  f l a t  w i th  i n c r e a s i n g  view- 
ing angle .  A s  t h e  t r a n s m i s s i v i t y  becomes smaller {i.e., in -  
c r e a s i n g  abso rp t ion ) ,  t h e  specu la r  curves  become f l a t t e r  and t h e  
minimum i s  s h i f t e d  toward smaller viewing angles .  The effect  on 
t h e  d i f f u s e  curves i s  t o  g i v e  inc reas ing  temperatures  a t  l a r g e  
viewing angles .  
Sur face  temperature  v a r i a t i o n s  have been considered i n  Chapter 2 ,  
and provide  only 2'K d i f f e r e n c e s  i n  s u r f a c e  emission. For t h i s  
reason  and the fact  t h a t  t h e  normal v a r i a t i o n s  i n  s i g n a l  exceed 
2*K, t h e s e  curves have n o t  been p l o t t e d .  
The d i f f e r e n c e  i n  water vapor conten t  between t h e  models can con- 
t r i b u t e  up t o  25°K d i f f e r e n c e  i n  b r i g h t n e s s  temperature  f o r  t h e  
same s u r f a c e  roughness and observing he igh t .  
Thus, i t  can b e  seen  t h a t  a l t i t u d e ,  s u r f a c e  roughness and atmospheric  
water vapor are a l l  extremely important  i n  b r i g h t n e s s  temperature  neasure- 
ments. None of t h e s e  f a c t o r s  can b e  neglec ted  i n  analyzing d a t a  o r  de t e r -  
mining informat ion  about t h e  atmosphere o r  t h e  ocean su r face .  The e f f e c t  
of  water vapor and t h e  a l t i t u d e  v a r i a t i o n s  can b e  found from measurements 
of t h e  water vapor conten t  of t h e  atmosphere; and once t h e s e  are known, in-  
formation about t h e  roughness of  t h e  s u r f a c e  can be  obtained.  
The fo l lowing  chap te r  cons iders  observa t ions  taken w i t h  a 19.35 GHz 




I n  th i s  chap te r ,  downward viewing rad iometr ic  observa t ions  obta ined  
by NASA personnel  (Catoe e t  a l . ,  1967) a t  19.35 GHz are descr ibed  and 
analyzed.  Comparison is then made t o  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of  
t h e  expected b r i g h t n e s s  temperatures  us ing  va r ious  s u r f a c e  roughness 
models and atmospheric  temperature  and r e l a t i v e  humidity p r o f i l e s  ob- 
t a i n e d  from a c t u a l  synop t i c  data. 
c u r r e n t  t h e o r i e s  can exp la in  the observed d a t a  under va r ious  s u r f a c e  and 
atmospheric  cond i t ions .  
The purpose i s  t o  determine how well 
5.1 The observ ing  system 
The obse rva t ions  t o  be  descr ibed  below have been taken by a Convair 
990 j e t  a i r c r a f t  us ing  an antenna of 2.7' beamwidth which i s  scanned 
e l e c t r i c a l l y  t50" normal t o  t h e  a i r c r a f t ' s  f l i g h t  path.  
l e f t  t o  r i g h t  (a t o t a l  of 100 degrees)  and is taken every two seconds,  
p rov id ing  a con t ig ious  map of  t h e  earth's s u r f a c e ,  depending on the air- 
c ra f t ' s  a l t i t u d e .  
p o i n t  20 be ing  vertical  viewing. 
The scan  i s  from 
Each scan  i s  d iv ided  i n t o  39 d a t a  p o i n t s ,  w i t h  d a t a  
P o l a r i z a t i o n  of the antenna is  hor i -  
z o n t a l ,  o r  such  t h a t  t h e  e lectr ic  v e c t o r  is  always p a r a l l e l  t o  t h e  
e a r t h ' s  su r f ace .  
w i t h  a smoothing t i m e  of 0.05 secs. 
S e n s i t i v i t y  of  t h e  radiometer  i s  purported t o  b e  2*K,  
Along w i t h  t h e  radiometer  ou tpu t ,  
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b lack  and whi te  photographs,  w i t h  a 74 degree f i e l d  of view, were taken  
every 15 seconds t o  provide  f o r  i n t e r p r e t a t i o n  of t h e  d a t a .  
5.2 Atmospheric p r o f i l e s  
Observat ions have been taken from two f l i g h t s  made du r ing  t h e  s p r i n g  
of 1967; F l i g h t s  86 and $13, and one f l i g h t  over  t h e  Sa l ton  Sea on 7 June 
1968. 
Ocean n e a r  t h e  no r the rn  coas t  of Ca l i fo rn ia .  
6 June  
F l i g h t  #6 v7as taken on 29 May and covered p o r t i o n s  of t h e  P a c i f i c  
F l i g h t  1/13 was made on 
1967,  and covered t h e  no r the rn  p o r t i o n  of t h e  Gulf  of Mexico. 
Although t h e  maximum s u r f a c e  wind speed encountered on t h e s e  f l i g h t s  w a s  
about 20 k t s ,  bo th  t h e  atmospheric p r o f i l e s  and t h e  s u r f a c e  roughness 
v a r i e d  s u f f i c i e n t l y  t o  provide information about  t h e  effects  under in- 
v e s t i g a t i o n .  
For  d a t a  from t h e  Gulf of Mexico, the 1200 Z radiosonde d a t a  from 
Tampa, F l o r i d a  w a s  used t o  provide  information about  t h e  temperature  and 
water vapor p r o f i l e s .  Sea s u r f a c e  temperature  w a s  taken from s h i p  re- 
p o r t s  i n  t h e  v i c i n i t y  and was about  28OC. Table  5.1 g ives  t h e  p r e s s u r e  
ve r sus  temperature  and r e l a t i v e  humidity va lues  obta ined  from t h e  sounding. 
The r e l a t i v e  humidity va lues  have been converted t o  a b s o l u t e  humidity and 
they are a l s o  l i s t e d  i n  t h e  t a b l e .  
s u s  h e i g h t  curve of t h e  sounding and i t  l ies  between t h e  h o t  and s t anda rd  
F igure  5.1 gives t h e  abso rp t ion  ver-  
p r o f i l e s  and t h e  h o t  and w e t  p r o f i l e s .  
For  d a t a  from F l i g h t  116, t h e r e  were no c l o s e  radiosonde observa t ions .  
From looking a t  t h e  c l o s e s t  s t a t i o n s  n e a r e s t  t o  t h e  observa t ions ;  Medford, 
Oregon, which w a s  s l i g h t l y  n o r t h  and in l and ,  and Oakland, C a l i f o r n i a ,  
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Table 5.1 Tampa, F l o r i d a ,  1200 Z sounding (6 June 1967) 




























































which was s e v e r a l  hundred m i l e s  t o  t h e  south ,  i t  appears t h a t  t h e  tempera- 
t u r e  and r e l a t i v e  humidity p r o f i l e s  were very c l o s e  t o  t h e  s tandard and 
w e t  atmosphere used previous ly .  Thus, t h e  r e s u l t s  from t h i s  p r o f i l e  were 
used i n  comparison t o  t h e  observed da ta .  S e a  s u r f a c e  temperatures were 
near 10°C near  t h e  c o a s t ,  based on s h i p  r e p o r t s .  
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.03 .06 .09 
Zenith Absorption (db) 
Fig.  5.1 Absorption versus he ight  fo r  Tampa, F lo r ida .  
.12 
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5.3 Data ana1ysi.s 
The observed d a t a  have been analyzed and p l o t t e d  i n  t h e  fo l lowing  
manner. F i r s t ,  t h e  average of  f i v e  consecut ive  scans  have been averaged 
f o r  s e l e c t e d  angles  ac ross  t h e  scan  t o  provide a r e p r e s e n t a t i v e  cross-  
s e c t i o n .  These f i v e  scans  r e p r e s e n t  8 secs of  f l i g h t  t i m e  and were 
picked t o  provide  a r e p r e s e n t a t i v e  average va lue ,  y e t  s h o r t  enough s o  
t h a t  s u r f a c e  f e a t u r e s  could be  considered uniform. The s tandard  devia- 
t i o n  has  a l s o  been p l o t t e d  t o  g i v e  an i n d i c a t i o n  of t h e  v a r i a b i l i t y  of 
t h e  d a t a .  Along w i t h  t h e  mean curves descr ibed  above, t h e  middle scan  
of t h e  series has a l s o  been p l o t t e d  t o  show w h a t  t h e  a c t u a l  observed d a t a  
looks l i k e .  
tween t h e  mean va lues  and t h e  theory.  
The comparison between theory and observa t ion  is  made be- 
The d a t a  from t h e  f l i g h t s  have been d iv ided  i n t o  t h e  fo l lowing  cate- 
g o r i e s  f o r  ana lys i s :  
1. Surface  wind speed less  than 6 k t s ,  s u r f a c e  smooth t o  
s l i g h t l y  rough. 
Sur face  wind speed from 7 t o  10 k t s ,  s u r f a c e  rough bu t  no 
whitecaps are p resen t .  
Sur face  wind speed from 11 t o  20 k t s ,  s u r f a c e  rough wi th  
whitecaps p re sen t .  
2. 
3. 
5.4 Light  s u r f a c e  wind speeds 
Nordberg e t  a l .  (1968), measured t h e  b r i g h t n e s s  temperatures  from 
t h e  S a l t o n  Sea on 7 June 1968 when p o r t i o n s  of t h e  sea were very  smooth 





7. Stogryn(D 67) 
<Revised specu la r  curve - _ I -  
- 
-40 -20 0 +20 +40 
N a d i r  Angle (deg) 
Fig..5.2 Observed b r igh tness  t enpe ra tu res  over t h e  smooth por- 
t i o n  of t h e  Sa l ton  S e a ( a f t e r  Nordberg e t  a1. ,1968).  
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obse rva t ions  over  t h e  smooth po r t ions  and r ep resen t  the  average of s i x  
consecut ive  scans .  P l o t t e d  on t h e  same f i g u r e  is t h e  r e s u l t  of  S togryn ' s  
c a l c u l a t i o n s  f o r  a he igh t  of 1 km. 
amounts t o  4'K a t  n a d i r  viewing and 1 0 ° K  a t  -50 degrees.  
The d i f f e r e n c e  between t h e  curves 
I have p l o t t e d  
t h e  expected b r i g h t n e s s  temperature from a specu la r  s u r f a c e  us ing  t h e  
s t anda rd  temperature  and r e l a t i v e  humidity p r o f i l e s  and f o r  an  observing 
he igh t  of 1.5 km. The agreement is very good and f a l l s  w i t h i n  t h e  
v a r i a b i l i t y  of t h e  d a t a  po in t s .  
Two cases of  l i g h t  wind speeds were found on F l i g h t  13, and they  are 
p l o t t e d  i n  F igures  5 . 3  and 5.4;  along wi th  t h e  t h e o r e t i c a l  curves  obtained 
from t h e  Tampa d a t a  and assuming specu la r  and d i f f u s e  su r faces .  A t  n a d i r  
viewing, t h e  observed va lues  are approximately 4'K too  low,  i n d i c a t i n g  
t h a t  t h e r e  is  too  much water vapor i n  t h e  Tampa sounding. This  d i f f e r e n c e  
is  no t  unexpected f o r  t h e  moist  condi t ions  over  t h e  Gulf of Mexico and 
can be accounted f o r  by d i f f e r e n c e s  i n  t r a n s m i s s i v i t y  of only 0.02. One 
f e a t u r e  i n  F igure  5 . 3  which should be  mentioned i s  t h e  r i s i n g  temperatures  
a t  large viewing angles .  These temperature  i n c r e a s e s  are thought t o  be  
due t o  c louds o u t  of t h e  photographs having t h e i r  h igh  temperatures  re- 
f l e c t e d  i n t o  t h e  radiometer.  Thus, f o r  gene ra l ly  smooth su r faces ,  the 
agreement between theory and observa t ion  is  good, cons ider ing  t h e  v a r i -  
a b i l i t y  i n  atmospheric observa t ions .  
5.5 Surface  rough-no whitecaps 
Three cases  w e r e  found i n  t h i s  category i n  t h e  F l i g h t  13 d a t a ;  when 
the s u r f a c e  appeared rough, y e t  'there was no evidence of breaking waves 
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157/14:58:51 - 1 4 : 5 8 : 5 9  
-40 -20 0 +20 4-40 
Nadir Angle (deg) 
Fig.  5.3a Observed mean b r i g h t n e s s  temperatures  for smooth 
sea on F l t .  13. 
F l t .  13 157/14:58:55 
H t .  = 35,300 F t .  
Surf a c e  smooth 
-40 -20 0 4-20 4-4 0 
Nadir Angle (deg) 
Fig. 5.3b Observed b r i g h t n e s s  temperatures  f o r  smooth sea on 
Flt. 13, 
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157/16:30:59 - 16:31:07 
-40 -20 0 +20 4-40 
Nadir Angle(deg) 
Fig.  5.4a Observed mean b r lgh tness  temperatures f o r  smooth sea 
on F l t .  13. 
F l t .  13/16:31:03 
H t .  = 24,400 F t .  
Sur face  smooth 
-40 -20 0 +20 i-40 
Nadir Angle(deg) 
Fig. 5.4b Observed b r igh tness  temperatures  f o r  smooth sea on 
F l t .  13. 
72 
i n  t h e  photographs. These curves are shown i n  Figures  5.5,  5.6, and 5.7. 
The observed b r i g h t n e s s  temperatures have inc reased  over those  observed 
under l i g h t  wind cond i t ions  and now l i e  midway between t h e  curves f o r  t h e  
specu la r  and d i f f u s e  su r faces .  The inc rease  over  t h e  specu la r  curve is  
from 8 t o  l l " K ,  which w i l l  be  12" t o  15°K when cor rec ted  f o r  the water 
vapor i n  t h e  Tampa sounding. One i n t e r e s t i n g  f e a t u r e  p re sen t  i n  a l l  t h e  
curves is their gene ra l  f l a t n e s s  ou t  u n t i l  viewing angles  of -1-45 degrees  
i s  reached. S togryn ' s  roughness model, f o r  t h e  wind speed observed, 
would g i v e  t h e  same va lues  as t h a t  of t he  specu la r  curve at n a d i r  viewing 
ang le  and a 4'R i n c r e a s e  i n  b r igh tness  temperature a t  +50 degrees ,  s t i l l  
not  expla in ing  t h e  observed curves.  
5.6 Rough water w i t h  whitecaps 
A t o t a l  of f i v e  cases have been analyzed i n  t h i s  group, three from 
F l i g h t  13 and two from F l i g h t  6. The cases from F l i g h t  13 w i l l  b e  con- 
s i d e r e d  f i r s t  and are shown i n  F igures  5.8, 5.9, and 5.10, a long wi th  t h e  
t h e o r e t i c a l  curves .  I n  a l l  cases ,  t h e  curves are 10  t o  ll*K above t h e  . 
specu la r  s u r f a c e  curve,  which w i l l  be  14" t o  15'K when co r rec t ed  f o r  t h e  
Tampa d a t a ,  and are gene ra l ly  f l a t  ac ross  the scans u n t i l  +45 degrees .  
From the photographs,  t he  percent  foam coverage has  been es t imated  a t  
about 1%, which would provide inc reases  i n  b r i g h t n e s s  temperature of 1 t o  
2'K. 
sp ikes ,  o r  va lues  of b r igh tness  temperature which are 5 t o  lO'R h ighe r  
than t h e  surrounding po in t s .  
looking a t  e i t h e r  a pa tch  of foam o r  a breaking wave a t  t h a t  i n s t a n t .  
One i n t e r e s t i n g  f e a t u r e  i n  t h e  a c t u a l  d a t a  is  t h e  appearance of 



































157/15:32:17 - 15:32:25 
Nadir Angle(deg) 
Fig. 5.5a Observed mean brightness temperatures for rough sea 
on Flt, 13. 
Flt. 13 157/15:32:21 
Ht. = 36,700 Ft. 
Surface rough 
-40 -20 0 4-20 
,Nadir Angle(deg) 
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157/15:49:27 - 15:49:35 
- 40 -20 0 4-20 4-40 
Nadir Angle (deg) 
Fig. 5.6a Observed mean b r igh tness  temperatures f o r  rough sea 
on F l t .  13. 
. F l t .  13 157/15:49:31 H t .  = 26,100 F t .  
Sur face  rough 
-40 - 20 0 4-2 0 4-4 0 
Nadir Angle(deg) 
Fig. 5.6b Observed b r igh tness  temperatures f o r  rough sea on 











157/16:14:29 - 16:14:37 
-40 -20 0 . +20 +4 0 
Nadir Angle(deg) 
Fig. 5.7a. Observed mean brightness temperatures for rough sea 
on Flt. 13. 
Flt. 13 357/16:14:33 
Ht. = 7,300 Ft. 
Surface rough 
-40 -20 0 +2 0 +40 
Nadir Angle(deg) 
Fig. 5.7b Observed brightness temperatures for rough sea on 
Flt. 13. 
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Nadir Angle (deg) 
Fig,  5.8a Observed mean b r igh tness  temperatures  f o r  rough sea 
w i t h  whitecaps on F l t .  13. 
Nadir Angle(deg) 
Fig. 5.8b Observed b r igh tness  temperatures  f o r  rough sea w i t h  
whitecaps on F l t .  13. 
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157/15:09:57 - 15:10:05 
-40 -20 0 4-20 +4 0 
Nadir Angle (deg) 
Fig. 5.9a Observed mean b r i g h t n e s s  temperatures f o r  rough sea 
w i t h  whitecaps on F l t .  13. 
F l t .  13/157/15:10:01 
H t ,  = 36,200 F t .  
Su r face  rough w i t h  whitecaps 
Ip 
-40 -20 0 4-20 +40 
Nadir Angle(deg) 
Fig. 5.9b Observed b r i g h t n e s s  temperatures  f o r  rough sea with 











































157/16:04:57 - 16:05:05 0 / 
Nadir Angle(deg) 
Fig.  5.10a Observed mean b r igh tness  temperatures f o r  rough sea 
wi th  whitecaps on F l t .  13. 
F l t .  13 157/16:05:01 
H t .  = 3,300 Ft .  
Surface rough wi th  whitecaps 
-40 -20 0 4-20 -I-40 
Nadir Angle(deg) 
Fig.  5,lOb Observed b r igh tness  temperatures f o r  rough sea wi th  
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-40 . -20 0 +20 4-40 
Nadir Angle(deg) 
Fig.  5.11a Observed mean b r igh tness  temperatures f o r  rough sea 
wi th  whitecaps on Flt. 6. 
. 
F l t .  6 1 4 9 / 2 0 : 3 4 : 2 2  
H t .  = 31,100 Ft .  
ace  rough w i t h  white  
-40. -20 0 4.20 +40 
Nadir Angle(deg) 
Fig.  5.11b Observed b r igh tness  temperatures fo r  rough sea wi th  
whitecaps on Flt. 6. 
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-40 -20 0 4-20 
Nadir Angle(deg) 
4-40 
Fig. 5.12a Observed mean b r i g h t n e s s  temperatures f o r  rough sea 
w i t h  whitecaps on P l t .  6.  
H t .  = 31,100 F t .  
Sur face  rough wi th  white- 
caps. 
Nadir Angle(deg) 
F ig .  5.12b Observed b r i g h t n e s s  temperatures f o r  rough sea w i t h  
whitecaps on F l t .  6. 
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This  f e a t u r e  appears  t o  be c o n s i s t e n t  when foam o r  whitecaps are p resen t  
and is  one p o s s i b l e  way of i d e n t i f y i n g  t h e i r  presence.  A b e t t e r  example 
w i l l  b e  provided f o r  i n  t h e  d a t a  from F l i g h t  6 ,  t o  be  descr ibed  below. 
. .  
The d a t a  from F l i g h t  G was taken o f f  t h e  nor thern  coas t  of C a l i f o r n i a ,  
The f i r s t  case ,  shown i n  F igure  5.11, j u s t  a f t e r  t h e  c o a s t l i n e  was  passed. 
was r i g h t  a f t e r  t h e  c o a s t l i n e  was passed and t h e r e  were s c a t t e r e d  white- 
caps observed i n  
later when t h e r e  
creases a t  n a d i r  
t h e  photographs. The second case, taken 
were fewer whitecaps,  i s  shown i n  Figure 
viewing are about 18OK for t h e  s c a t t e r e d  
about 10 minutes 
5.12. The in- 
whitecap c a s e  
and about 13% f o r  t h e  case when t h e r e  were fewer whitecaps,  
f e a t u r e s  should be no t i ced  i n  t h e s e  curves.  
d a t a ,  is the 
surrounding po in t s .  The explana t ion  f o r  these sp ikes  is  t h e  same as des- 
c r ibed  above. The second f e a t u r e  i s  t h e  f a c t  that  t h e  curves are gener- 
Two o t h e r  
The' f i r s t ,  i n  t h e  a c t u a l  
presence of l a r g e  s p i k e s ;  amounting t o  1 4  t o  20°K over  t h e  
a l l y  f l a t  ou t  t o  about 235 degrees b e f o r e  they  start t o  r a p i d l y  drop o f f .  
Although t h e  wind speed was only about 15 kts f o r  t hese  cases, t h e  wind 
speed had been up t o  25 k t s  w i t h i n  t h e  previous 24  hours .  This  f a c t ,  com- 
bined w i t h  the  i n f i n i t e  f e t c h  and t h e  c loseness  t o  shore ,  would provide  
f o r  g r e a t e r  foam coverage than would b e  expected from the observed wind 
speed. 
implying a temperature  inc rease  due t o  foam of about 5OK. 
coverage could p a r t i a l l y  account f o r  t h e  l a r g e  temperature i n c r e a s e s  seen 
Considering these  f a c t o r s ,  t h e  foam coverage was es t imated  a t  3%, 
Thus, foam 
i n  the d a t a .  
e r a l l y  f l a t  w i t h  viewing angle ,  b u t  have t h e  same value  as the specu la r  
curve a t  n a d i r  viewing angle .  
Stogryn 's  curves  f o r  t h e  est imated roughness, would be  gen- 
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5.7 Discuss ion  
The comparison between observed d a t a  and t h e o r e t i c a l  curves have pro- 
v ided  t h e  fo l lowing  information:  
1. For g e n e r a l l y  smooth s u r f a c e s ,  t h e  agreement between theory  and 
obse rva t ion  is  good, cons ide r ing  t h e  v a r i a b i l i t y  i n  a tmospheric  
obse rva t ions .  
2. As t h e  s u r f a c e  becomes rougher,  t h e  b r i g h t n e s s  temperatures  in-  
crease a t  a l l  ang le s ,  g i v i n g  i n c r e a s e s  up t o  15'K at n a d i r  view- 
ing  ang le s .  
For  foam and whitecaps p r e s e n t  on t h e  s u r f a c e ,  t h e  mean curves 
y i e l d  i n c r e a s e s  up t o  18OK over a specu la r  curve,  w i t h  point- to-  
p o i n t  v a r i a t i o n s  i n  t h e  actual  d a t a  of up t o  20'K. 
The curves  are g e n e r a l l y  f l a t  o u t  t o  345 degrees f o r  d a t a  ove r  
t h e  Gulf of Mexico and t o  235 degrees  f o r  d a t a  over  t h e  P a c i f i c  
Ocean, b e f o r e  decreas ing  r a p i d l y .  
3. 
4 .  
Thus, two major disagreements  have appeared i n  t h e  comparison between 
theory  and obse rva t ion  and r e q u i r e  some explana t ion .  
g e n e r a l  i n c r e a s e  i n  b r i g h t n e s s  temperature  seen  f o r  rough s u r f a c e s ,  wi thout  
any breaking  waves o r  foam on t h e  s u r f a c e .  The second is  t h e  gene ra l  f l a t -  
n e s s  of t h e  observed curves o u t  t o  l a r g e  viewing angles .  The f i r s t  i s  t h e  
most s e v e r e  problem and w i l l  b e  d iscussed  f i r s t .  
The f i r s t  i s  t h e  
S togryn ' s  theory  of s c a t t e r i n g  from rough s u r f a c e s ,  t ak ing  account  of  
t h e  l a r g e - s c a l e  roughness, p r e d i c t s  no s i g n i f i c a n t  change i n  b r i g h t n e s s  
tempera ture  a t  n a d i r  viewing f o r  d i f f e r e n t  s u r f a c e  wind speeds; w i t h  a 
s p e c u l a r  s u r f a c e  g iv ing  a h ighe r  b r i g h t n e s s  temperature  than  t h a t  from a 
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rough su r face .  Nordberg e t  a l .  (1968), a t t r i b u t e s  t h e  d i f f e r e n c e  between 
theory and observa t ion  t o  foam, spray and bubbles.  Another explana t ion  
is  p o s s i b l e ,  t h a t  of s m a l l  s c a l e  roughness on t h e  water su r face .  
t h e  small s c a l e  waves ranging from c a p i l l a r y  waves on up t o  s e v e r a l  times 
the observing wavelength. I f  one n e g l e c t s  shadowing and m u l t i p l e  r e f l e c -  
t i o n s ,  t h e  emis s iv i ty  of t h e  s u r f a c e  shouldn ' t  change because of  t h e  
assumption t h a t  a l l  s u r f a c e s  w i l l  r e f l e c t  t h e  same t o t a l  energy, on ly  the  
d i s t r i b u t i o n  of t h e  energy w i l l  b e  d i f f e r e n t ;  and t h e  f a c t  t h a t  t h e  
emis s iv i ty  i s  one minus the  albedo. Thus, t h e  small scale roughness w i l l  
act as d i f f u s e  r e f l e c t o r s  and have t h e  e f f e c t  of r e d i s t r i b u t i n g  t h e  
energy i n c i d e n t  on t h e  s u r f a c e  s o  t h a t  t h e  l a r g e  sky temperatures at l a r g e  
z e n i t h  angles  w i l l  c o n t r i b u t e  more t o  t h e  rece ived  b r igh tness  temperature.  
I n t e g r a t e d  over  a hemisphere, t h e s e  con t r ibu t ions  could become s i g n i f i c a n t  
and account f o r  t h e  d i f f e r e n c e  between theory and observat ion.  
That  is ,  
The f l a t n e s s  of t h e  curves can a l s o  be  explained by t h e  small scale 
roughness on t h e  s u r f a c e ,  
i n g  from a composite s u r f a c e  made up of roughness much l a r g e r  than and 
much smaller than t h e  observing wavelength. 
F igures  5.13 and 5.14. 
of t h e  l a r g e  scale roughness i s  small, t h e  small s c a l e  roughness, which 
produces t h e  d i f f u s e  component, becomes important a t  angles  about 15 de- 
g rees  from nad i r .  F igure  5.14 shows t h a t  as t h e  s lope  of t h e  l a r g e  scale 
roughness inc reases ,  t h e  d i f f u s e  component i s n ' t  important u n t i l  ang le s  
of 35 degrees  from n a d i r  are reached. 
i n c i d e n t  temperatures  occur a t  l a r g e  z e n i t h  angles .  
Ruck e t  al. (1970) have considered backsca t t e r -  
Thei r  r e s u l t s  are shown i n  
I n  F igure  5.13, i t  can be  seen t h a t  when t h e  s lope  
Now f o r  our  s i t u a t i o n ,  t h e  largest 
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Fig.  5.13 Average backsca t t e r ing  c ross -sec t ion  p e r  u n i t  area 
f o r  composite s u r f a c e  model of t h e  sea w i t h  Gaussian 
d i s t r i b u t i o n ( a f t e r  Ruck,1970). 
s1 = l a rge - sca l e  roughness= t a n  1 5 O  
&h = small-scale roughness 
k,h = 0.2 
koh = 0 .1  
Hor izonta l  P o l a r i z a t i o n  
20 40 60 80 
Zenith Angle(deg) 
Fig.  5.14 Average backsca t t e r ing  c ros s - sec t ion  p e r  u n i t  a r e a  
f o r  composite s u r f a c e  model of sea with Gaussian 
d i s t r i b u t i o n ( a f t e r  Ruck, 1970). 
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t h e s e  l a r g e  i n t e n s i t i e s  would be  r e f l e c t e d  d i f f u s e l y  by t h e  small scale 
roughness when t h e  s l o p e  of t h e  l a r g e  scale roughness i s  small. A s  t h e  
s l o p e  of t h e  l a r g e  scale roughness i n c r e a s e s ,  t h e  r e f l e c t i o n  i s  more 
s p e c u l a r  and t h e  d i f f u s e  component is  less important.  
winds where t h e  mean s l o p e  is small, much of t h e  i n c i d e n t  r a d i a t i o n  w i l l  
be r e f l e c t e d  d i f f u s e l y  by t h e  small s c a l e  roughness, g iv ing  a g e n e r a l l y  
f l a t  curve  w i t h  viewing angle .  Th i s  could e x p l a i n  t h e  observed r e s u l t s  
over  t h e  Gulf of Mexico where t h e  winds were g e n e r a l l y  l i g h t  and f u l l  sea 
states were neve r  developed. Over t h e  P a c i f i c  Ocean, where t h e  f e t c h  was 
e s s e n t i a l l y  i n f i n i t e  and t h e  t i m e  f o r  development was s u f f i c i e n t l y  long ,  
t h e  seas w e r e  rougher  w i t h  l a r g e  mean s l o p e s ,  meaning t h a t  t h e  d i f f u s e  
component w a s  of less importance and a l lowing  t h e  curves t o  dec rease  
w i t h  ang le  beyond rt35 degrees.  
Thus, w i t h  l i g h t  
To de te rmine  whether a composite s u r f a c e  would provide c l o s e r  agree-  
ment between theory  and obse rva t ion ,  a c a l c u l a t i o n  was made us ing  a p a r t  
s p e c u l a r  and p a r t  d i f f u s e  s u r f a c e .  The c a l c u l a t i o n  w a s  made f o r  t h e  f o l -  
lowing cond i t ions :  1 )  a s u r f a c e  temperature  of 288."K; 2) a d i f f u s e  
r e f l e c t i o n  c o e f f i c i e n t  of 0.5656; 
humidity p r o f i l e ;  4 )  observer  h e i g h t  of 35 km; 5) v a r i a b l e  percentages  
of t h e  s u r f a c e  be ing  d i f f u s e .  The r e s u l t s  are presented  i n  F igure  5.15 
and show t h e  smooth t r a n s i t i o n  from a s p e c u l a r  s u r f a c e ,  through t h e  com- 
p o s i t e  model and t o  t h e  d i f f u s e  su r face .  
obse rva t ions  were midway between t h e  specu la r  and d i f f u s e  curves ,  one could 
o b t a i n  c l o s e  agreement t o  t h e  observed d a t a  by assuming a composite su r -  
f a c e  w i t h  about  50% of t h e  s u r f a c e  d i f f u s e .  
3) a s t anda rd  temperature  and r e l a t i v e  
S ince  most of t h e  rough surface 















( specular )  
20 40 60 
Nadir  Angle(deg) 
Fig.  5.15 Angular v a r i a t i o n  of b r igh tness  temperature f o r  com- 
posite s u r f a c e  model. 
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i n c r e a s e  a t  n a d i r  viewing angle  and a dec rease  of only 8'K a t  k.50 de- 
g rees .  I f  l a r g e  scale roughness were inc luded ,  t h e  decrease  a t  l a r g e  
viewing ang le s  would b e  even less,  making t h e  curves  g e n e r a l l y  f l a t  w i t h  
ang le  i n  agreement wi th  observa t ions .  
t h e  d i f f u s e  component, making i t  only  e f f e c t i v e  f o r  r a d i a t i o n  i n c i d e n t  f o r  
By g i v i n g  an  angular  dependence t o  
s p e c i f i c  a n g l e s ,  
p o s s i b l y  account  
of Mexico and t o  
i n  a g r e m e n t  w i t h  b a c k s c a t t e r i n g  r e s u l t s ;  one could 
f o r  t h e  f l a t n e s s  t o  445 degrees  observed over  t h e  Gulf 
435 degrees  f o r  the F e c i f i c  Ocean da ta .  
Thus, t o  o b t a i n  b e t t e r  agreement between theory and obse rva t ion ,  i t  
is  e s s e n t i a l  t h a t  s m a l l  scale roughness be  inc luded  i n  t h e  theory of s c a t -  
t e r i n g .  
of roughness s m a l l e r  than,  the same order  as, and much l a r g e r  than  t h e  ob- 
s e r v i n g  wavelength. 
The b e s t  agreement should come from a composite s u r f a c e  made up 
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CHAPTER 6 
SUMMARY AND REGOMPENDATIONS 
The preceding chap te r s  have considered va r ious  f a c e t s  of t h e  problen 
Both atmos- of downward viewing rad iometr ic  observa t ions  over  the  ocean. 
p h e r i c  and s u r f a c e  e f f e c t s  have been d iscussed  and comparisons have been 
made between theory and observa t ions ,  us ing  real atmospheric p r o f i l e s  
and s u r f a c e  d a t a  as much as poss ib l e .  
6 . 1  Sumnary 
L t  has been found t h a t  t h e r e  i s  good agreement between theory  and 
observa t ions  f o r  gene ra l ly  smooth s u r f a c e s ,  b u t  as t h e  s u r f a c e  becomes 
rougher ,  t h e  agreement d isappears ,  amounting up t o  20°K f o r  very rough sur-  
f aces .  
t h a t  due t o  foam, w i l l  provide i n c r e a s e s  t h a t  are i n s u f f i c i e n t  t o  account 
f o r  the observed b r igh tness  temperatures.  
One p o s s i b l e  explana t ion  f o r  t h e  observed temperature i n c r e a s e s ,  
Thus, t h e r e  are two main areas of  disagreement between c u r r e n t  theory 
and observa t ion .  One i s  t h e  inc rease  i n  b r igh tness  temperature wi thout  
t h e  presence of foam o r  whitecaps and t h e  o t h e r  i s  t h e  f l a t n e s s  of t h e  ob- 
served d a t a  out  t o  l a r g e  viewing ang le s .  Both of t hese  d i sc repanc ie s  can 
be  q u a l i t a t i v e l y  explained by t h e  presence of small-scale  roughness on the  
su r face ,  which has y e t  t o  b e  accounted f o r  i n  theory.  
15'Kmight be obta ined  by inc lud ing  s m a l l  scale roughness, based on what 
Inc reases  of up t o  
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has been observed from t h i s  s tudy  and what can b e  expected from a d i f f u s e  
s u r f a c e  model. I n  a d d i t i o n  t o  t h e  small-scale  roughness c o n t r i b u t i o n ,  t h e  
temperature  i n c r e a s e  due t o  foam must be added, g iv ing  t h e  i n c r e a s e s  neces- 
s a r y  t o  b r i n g  observed d a t a  i n t o  agreement with the theory.  
6.2 Recommendat i ons  
There i s  s t i l l  work t o  be  done b e f o r e  p a s s i v e  microwave techniques  
can be  used t o  o b t a i n  informat ion  about t h e  c h a r a c t e r  of t h e  sea s u r f a c e  
and t h e  atmosphere above i t .  Based on t h e  informat ion  obta ined  i n  t h i s  
s tudy ,  the fo l lowing  recommendations are made with regard t o  f u r t h e r  s tudy .  
1. The e f f e c t  of  small-scale roughness should b e  taken i n t o  account  
i n  any s c a t t e r i n g  theory  of t h e  su r face .  The b e s t  model would 
b e  a composite s u r f a c e ,  t ak ing  i n t o  account roughness smaller 
than,  the same orde r  as, and much l a r g e r  than the  observing wave- 
length .  
2. A l l  f u t u r e  observa t ions  should be  taken  wi th  corresponding atmos- 
p h e r i c  and s u r f a c e  c h a r a c t e r i s t i c s  included.  Without t h e s e  mea- 
surements,  on ly  q u a l i t a t i v e  remarks can be  made about  t h e  e f f e c t  
of any of t h e  v a r i a b l e s .  
3.  F l i g h t s  shown should be  flown over t h e  same su r face  a t  va r ious  
o r i e n t a t i o n s  t o  see what e f f e c t  t h i s  w i l l  have. There is t h e  pos- 
s i b i l i t y  t h a t  t h i s  could provide some information about wave 
o r i e n t a t i o n ,  a l though t h e  v a r i a b i l i t y  i n  t h e  d a t a  might overwhelm 





F l i g h t s  should b e  made from s u f f i c i e n t  h e i g h t  t o  o b t a i n  a repre-  
s e n t a t i v e  sample of t h e  sea s u r f a c e ,  s i n c e  ocean waves extend 
from c a p i l l a r y  waves on up t o  waves s e v e r a l  hundred f e e t  long. 
Ins t ruments  designed f o r  o t h e r  f r equenc ie s  should be  used t o  
p o s s i b l y  e l i m i n a t e  t h e  e f f e c t  of smal l - sca le  roughness. 
l e n g t h  r eg ion  can p o s s i b l y  b e  found s o  t h a t  a s u r f a c e  model using 
l a r g e  scale roughness theory would b e  s u f f i c i e n t  t o  e x p l a i n  t h e  
obse rva t ions ,  y e t  p rovide  u s e f u l  in format ion  about  t h e  c h a r a c t e r  
of the sea s u r f a c e  o r  t h e  water vapor  conten t  of t h e  atmosphere. 
A d e t a i l e d  s tudy  of sea foam and whitecaps should b e  made w i t h  
regard  t o  determining t h e  mixture  r a t i o  R and t h e  depth  of foam 
over  v a r i o u s  p o r t i o n s  of t h e  ocean s u r f a c e .  
A wave- 
P a s s i v e  microwave techniques o f f e r  a unique t o o l  f o r  unders tanding  and 
provid ing  informat ion  about t h e  atmosphere and t h e  ocean s u r f a c e ,  
s u f f i c i e n t  e f f o r t ,  understanding w i l l  come and p a s s i v e  microwave techniques 
wil1,become ano the r  u s e f u l  ins t rument  i n  man's s ea rch  f o r  knowledge of t h e  
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